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Abstract 
Methods were developed for the accurate measurement of optical and elemental 

properties of particulate matter samples, with an emphasis on size- and time-resolved 

samples. These techniques were applied to environmental samples collected near the 

Houston ship channel and in the Washburn Tunnel. 

First, optical extinction was quantified using a modified integrating plate method 

for samples presorted into eight size bins ranging from coarse (10-5.0 μm) to the Aitken 

size mode (0.26-0.09 μm). Depending on mass loading, expected time resolution for 

typical urban environments could be one hour. Calibrations using resuspended non-

absorbing salts and carbon particles revealed an anomaly unique to particles between 

0.56 and 0.75 μm equivalent diameter. These results may provide evidence of particle 

deagglomeration, which would significantly alter size-dependent correction factors used 

in mass and X-ray fluorescence analyses of samples collected by virtual impactors.  

Next, a robust method for detecting platinum group elements along with 42 main 

group and rare earth elements was generated for road dust samples collected in the 

Washburn Tunnel. The successful application of this method resulted in > 90% recovery 

of platinum group elements after removal of isobaric interferences and polyatomic 

species arising from other anthropogenically emitted metals. Characterizations of road 

dusts collected in the Washburn Tunnel as well as from surrounding areas underscored 

the isolation of the Washburn Tunnel environment from outside sources. Additionally, 

interpretation of the elemental signatures of tunnel road dusts exposed stark contrasts to 

historical standards of autocatalyst material and European observations.  
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Finally, a multi-site study surrounding the Houston ship channel was conducted in 

the fall of 2012. The size- and time-resolved particulate matter samples were analyzed 

using the newly developed optical and elemental methods. Results indicated a complete 

lack of temporal correlation between measured size bins, with anthropogenic emission 

events typically lasting between two and six hours. With the combination of 

meteorological data, multiple pollutant sources, including marine vessel and 

petrochemical manufacturing facilities, were uniquely identified in separate size bins. 

These findings highlighted the need for size- and time-resolved monitoring of trace 

elements in urban/industrial environments to better understand links between aerosolized 

transition metals and human health effects. 
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1. Introduction 
 

Air quality in practice is usually based on how it affects the health of those 

breathing it. After the air pollution-related catastrophes in London, Germany, Japan, and 

the United States in the mid-late 20
th

 century, clean air legislations were enacted across 

the globe (Brimblecombe 1987). Two fields of air quality research emerged from these 

events that focused either on the gaseous pollutants such as ozone and carbon monoxide 

or the solid/liquid particulate matter (PM) including sulfates, nitrates, organic 

compounds, carbonaceous species, and trace elements. Of all these constituents, the trace 

elements are the only pollutants that still cannot be measured in real-time, nor can they be 

quantified in continuous size distributions. Accurate quantification of trace elements 

requires significant amounts of sample mass, which must be acquired over extended 

periods of time and/or in relatively large particle size bins. Even with large sample sizes 

(> 200 mg), not all elements can be measured with a single technique. Important elements 

such as the platinum group metals, which are only emitted from vehicular emissions in 

ambient environments, are exceedingly difficult to measure due to spectral interferences 

from more abundant metals (e.g., copper, zinc, and lead). Additionally, the relationship 

between energy from the sun and individual particles is well established in theory, but the 

environmental measurements in urban/industrial environments is lacking temporal and 

size characterization. The goal of this doctoral research was to overcome boundaries 

pertaining to time- and size-resolved analysis with an emphasis on trace elements and 

optical properties. This dissertation is divided into three sections, each focusing on 

method and/or instrumental development in conjunction with robust quantification of 

difficult sample matrices. The three sections are: optical measurement of size- and time-
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resolved samples, detection and interpretation of platinum group elements, and elemental 

analysis of size- and time-resolved samples using synchrotron-induced X-ray 

fluorescence (SXRF). Chapter 2 describes the research background for each focus while 

chapters 3 - 5 consist of manuscripts pertaining to each. Chapter 3 (optics) is currently 

under review by Aerosol Science & Technology. Chapter 4 (PGEs) was published by 

Environmental Science & Technology in 2012. Chapter 5 (SXRF) is undergoing final 

review by the authors and will be submitted to Environmental Science & Technology by 

the end of the month. 

2. Research Background 

2.1. Optical Measurement of Size- and Time-Resolved Samples 

An important focus of the global climate change discussion is how particulate 

matter affects the radiative energy balance (IPCC 2001). Although the interactions 

between light and single-particles are well known (Seinfeld and Pandis 1998), the 

collective interactions experienced in urbanized environments remains challenging. This 

is why aerosols account for ~54% of the total uncertainty in the radiative forcing budget 

(IPCC 2007). To resolve this discrepancy, an enormous amount of research has and is 

being performed to carefully characterize and categorize anthropogenic, carbonaceous 

species colloquially termed “black carbon” (Bond et al. 2013). The efforts, however, have 

been bipolar. Laboratory studies have focused on individual primary particles (typically 

~10-30 nm diameters) generated under controlled conditions (Sorensen 2001) while field 

sampling campaigns rely on both real-time and filter-based instrumentation that are 

limited to single size bins (usually all particles below 2.5 μm equivalent diameters, 

PM2.5) (Weingartner et al. 2003). Very few studies have collected size-resolved samples 
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for optical analysis, all of which required > 24 hour sample times (Roger et al. 2009). To 

our knowledge, there are no published environmental studies that have reported multiple 

size bins below 2.5 μm equivalent diameter with < 24 hour time resolution, even though 

radiant energy physics dictate that optical parameters such as scattering and absorption 

efficiencies change dramatically depending on particle size. Also anthropogenic 

emissions such as traffic patterns are usually of short durations (2-4 hours); therefore, 

temporal resolution of detection should be similar. Thus, the laboratory characterizations 

of unique light absorbing compounds cannot be used to interpret the ambient 

measurements if the ambient measurements are integrating signal from multiple sources 

and events that exist at different times and particle sizes. 

A precise technique (standard deviations usually < 0.1% of mean) was developed 

to measure the optical properties of PM samples collected in eight size bins and with 

temporal resolution as low as one hour. The instrument constructed directly measures 

transmission of light through samples collected via impaction while optical extinction is 

calculated using sample collection parameters and blank subtraction. Since the instrument 

monitors over 2,000 wavelengths, the slope of the logarithmic regression for extinction as 

a function of wavelength yields additional information to differentiate PM types (Russell 

et al. 2010). Although extinction is useful in its own right, optical absorption is currently 

considered the preferred measurement for identification of PM most affecting radiation 

forcing (Bond et al. 2013). The efficiency of absorption, known as the mass absorption 

coefficient or MAC in m
2
 g

-1
, is widely used to infer “black carbon” (although it is 

commonly misused as a quantitative measurement (Bond and Bergstrom 2006)) and is 

utilized to convert absorption measurements into mass concentrations for many real-time 
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PM monitoring equipment (Weingartner et al. 2003). The MAC value used in 

commercial devices and some research studies varies from ~6.5 – 12 m
2
 g

-1
, depending 

on which PM2.5 study is preferred by the user. The MAC, however, is logarithmically 

related to particle size (as can be seen by the size-resolved MAC profile measured from 

Washburn Tunnel samples shown in Appendix A2.2). Therefore, one value will not be 

applicable to all environments or all times of the day since different particle size modes 

can dominate the mass concentration at any given time. Therefore, in order to 

comprehensively understand urban/industrial PM and their effects on the global radiative 

energy balance, it is necessary to monitor optical characteristics as a function of size.  

Chapter 3 describes the function and calibrations of the optical measurement 

instrument along with the important findings discovered in the process. Due to the 

sensitivity of the instrument, an anomaly displaying elevated attenuation efficiency was 

discovered in a particular size bin that may affect measurements for all impactor-type 

instruments. The anomaly was observed not only in repeated measurements of laboratory 

carbonaceous particles, but also in the highly isolated environment of the Washburn 

Tunnel. As described in chapter 3, the working hypothesis proposes that the particle size 

bin (0.56 – 0.75 µm) in question occurs at the crossover point between impact energy and 

van der Waals cohesion forces, which may lead to deagglomeration into smaller particles 

upon impact. This would explain why consistent optical measurements would predict the 

particle sizes to be ~44% smaller than mass calibrations of impactor instruments have 

shown. The literature on deaggomerated impaction particles is sparse and inconclusive; 

therefore, a great deal of research is required to fully understand this phenomenon, as 

described in the future work section of this dissertation. 
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2.2. Detection and Interpretation of Platinum Group Elements 

The platinum group elements (PGEs: platinum, palladium, and rhodium) are 

catalysts included in three-way catalytic converters used in all automobiles manufactured 

after 1981. The elements are included in a washcoat, which also contains trace amounts 

of lanthanum, cerium, zirconium, barium, and tungsten. Abrasion of the washcoat 

material leads to emission and subsequent enrichment of these metals in the ambient 

environment. While the health effects of these metals is not yet fully realized, the PGEs 

offer unique tracers to separate vehicular emissions from the myriad urban and industrial 

sources. 

The quantification of PGEs is challenging when their relative amounts to other 

metals is very low, as in PM. Their characteristic X-ray energies are prohibitive for 

conventional X-ray fluorescence systems and they are spectrally eclipsed by more 

abundant elements such as copper, zinc, molybdenum, and lead when mass spectrometry 

is used. Accurate measurements of PGEs can be obtained using synchrotron-induced X-

ray fluorescence (SXRF), as will be discussed in future work, but can also be determined 

using advanced sample preparation techniques for inductively coupled plasma – mass 

spectrometry (ICP-MS). In order to avoid the spectral overlap by isobaric and polyatomic 

interferrents, chemical separation must be performed to isolate the PGEs for analysis. In 

so doing, the operator risks reduction of sample, which may be near detection limits to 

begin with. Prior to the published method shown in chapter 4, studies of vehicular 

emissions either did not include PGEs or only monitored PGEs, not both. To fully capture 

the environmental impacts of vehicular emissions as well as differentiate other vehicle-

related elements such as iron urban/industrial sources of iron, both PGEs and main group 

elements need to be quantified from the same samples. 
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To accomplish this analysis, the new method involved separation of samples 

during acid digestion. Though seemingly simplistic, extreme care must be taken in 

sample preparation to retain as much PGE content as possible. During the Washburn 

Tunnel studies, recoveries of PGE material over 99% (based on spiked solutions) were 

obtained even after multiple evaporation cycles and use of cation exchange columns. This 

method was regarded as “exceptionally high quality” by the editor of Analytica Chimica 

Acta and appeared on the front cover of the issue. The method itself was originally tested 

on road dust samples, where large sample masses could be obtained, but was easily 

usable for PM samples collected both inside and outside the Washburn Tunnel. Further 

studies of PGE prevalence and relationships with other vehicular metals are underway to 

better understand impacts on near-roadway environments. 

2.3. Elemental Analysis of Size- and Time-Resolved Samples Using SXRF 

As mentioned in the introduction, trace element analysis has lagged behind other 

PM constituents in terms of automated, real-time measurements with continuous size-

distributions. Some elements, including high concentration crustal elements and lead, 

have been measured using aerosol mass spectrometers with time-of-flight chambers that 

are both real-time and provide continuous size distributions. While devices such as these 

may be the future for trace elements detection, currently they are strictly limited to 

elements with exceptionally high concentrations (typically Na, S, Fe, and possibly Pb), 

limited to < 1 μm particle diameters, are prohibitively expensive (~$500,000), and are not 

designed for field use. The alternative is to collect samples and analyze them in a 

laboratory. The two most common methods of collection are filter-based and impaction 

based. The federal reference method (FRM), as dictated by the Environmental Protection 
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Agency, is a simple filter-based method that captures particles below a certain size, 

controlled by a cyclonic separator in the sample introduction system. Daily samples are 

most frequently collected with this technique, consistent with regulatory standards. FRM 

sampling is dependable and consistent but also relatively expensive (~$3/filter) and labor 

intensive. Analysis of filters is also expensive and labor intensive, requiring gravimetric 

mass analysis and chemical characterization without streamlined batch processing. The 

use of impactors for size-resolved analysis, such as the micro-orifice uniform deposit 

impactor (MOUDI), can contain 7-11 stages, each requiring individual preparation and 

analysis. Like FRM sampling, MOUDI samples also require long sampling times (≥ 24 

hours) to accumulate enough sample mass for analysis. MOUDI sampling times are often 

longer than FRM since the same amount of mass is divided into multiple stages. 

Cascading impactors with rotating stages not only provide size-resolution in 

multiple stages below 2.5 µm, but also enable variable time-resolution dependent on the 

rotation rate of the impaction surface. Samples are collected on lightly greased Mylar 

substrates sequentially in 0.5 mm steps, collecting ~360 samples per substrate. All 

samples for each size bin impacted on the same substrate can be scanned for different 

analyses, greatly decreasing time and labor expenses. The current configuration of the 

Davis-Rotating Unit for Monitoring (DRUM) impactor collects particles with lower cut 

points of 5.0, 2.5, 1.15, 0.75, 0.56, 0.34, 0.26, and 0.09 μm in user-designated time bins 

as low as 1 hour. Elemental analysis for each substrate requires 3 hours (~2 samples/min) 

at a cost of < $2/sample. A full suite of mass, optical, and elemental analyses for each 

sample costs less than the base cost of a PTFE filter and is acquired faster than a single 

filter gravimetric analysis. 
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The substantial benefits to cost and time are offset by limitations for analysis. 

Such small sample mass collected in each stage cannot be measured by conventional 

analysis techniques. Mass is obtained using a radioactive source (Ni-63), which has a 

long half-life (~127 years) and emits a steady 67 keV soft-beta ray energy. The small 

sample sizes also restrict chemical characterization. Recently, a leading manufacturer of 

bench top X-ray fluorescence instruments attempted to analyze a set of DRUM samples 

collected in Houston, but the results were poor for all but a few of the most abundant 

elements (Na, S, Fe). Bench top instruments are also incapable of batch processing 

samples collected from DRUM samplers, negating one of its key benefits. Elemental 

analysis of DRUM samples must be performed at a synchrotron facility. Due to lack of 

commercial instruments and software, the difficult task of converting the raw spectra into 

usable mass concentrations was, until recently, performed by a single collaborator. While 

the program was small, the batch processing of SXRF data was not an issue and 

significantly faster and cheaper than filter-based studies. As interest grew and samples 

from all over the world were collected, a bottleneck formed in the data processing step, 

inevitably delaying research. 

A significant portion of the present doctoral research was focused on not only 

resolving the bottleneck by reinventing the processing of SXRF spectra, but also to 

enhance the efficiency of the process and extend its use to more elements than have been 

previously measured on DRUM samples. Common practices employ iterative least-

squares fitting to calculate the area of spectral peaks in conjunction with a yield curve to 

calculate aerial density. This process, although sufficient for many elements, can only 

interpret peaks from K-line characteristic X-rays (and L-line Pb lines). The full 
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fundamental parameters approach can quantify characteristic X-ray lines from all energy 

shells. This approach is difficult to apply due to the comprehensive list of factors required 

for calculation. Once completed, the Houston samples collected will be the first 

measurements of rare earth elements and PGEs as a function of size and time. This 

method is still in development as the analysis chamber used at Stanford’s synchrotron 

facility is going through design iterations. For the study described in chapter 5, least-

squares fitting was used with multiple background subtraction routines, each specified to 

reduce the chi-squared goodness-of-fit for different segments of the X-ray spectrum. The 

methods and programs created are available upon request from future students as they 

were too long to include in the appendices. The results of their application to samples 

collected around the Houston ship channel are described in chapter 5. These methods 

were validated by a comparison with DRC-q-ICP-MS (shown in chapter 5), which had a 

linear regression slope of 1.06 and a correlation coefficient of 0.98. 

The advancements made in the areas of optical and elemental analysis represent a 

significant enhancement in our ability to quantify and interpret size- and time-resolved 

PM. The results of these and future studies will aid in identifying pollutant source 

contributions and potential health effects in complex urban/industrial environments, such 

as Houston, as well as help reduce the uncertainty in the global radiant energy budget. 
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3.1. Introduction 

An important characteristic of particulate matter (PM) is its interaction with 

electromagnetic radiation, which dictates many radiative forcing effects in the 

atmosphere. In their 4
th

 assessment report, the Intergovernmental Panel on Climate 

Change (IPCC) concluded that absorbing PM, and specifically black carbon (BC), is a 

major contributor to positive radiative forcing, fourth behind carbon dioxide, methane, 

and ozone. The direct effect of BC is absorption of light energy in the atmosphere and 

local re-radiation (Seinfeld and Pandis 1998) with potentially significant impacts on 

cloud dynamics (Wilkerson et al. 2010, Worringen et al. 2008). Indirectly, BC has been 

shown to deposit on snow and glacial bodies, decreasing their albedo and increasing 

snow melt and glacial retreat (Wu et al. 2012, Yoo et al. 2002). Black carbon, along with 

other light absorbing compounds (LACs), still provide the largest margin of uncertainty 

in global climate change models, thus encouraging more research on their prevalence, 

forcing mechanisms, and climatic effects. 

The uncertainty present in climate models is not a reflection of efforts in 

understanding LACs. Decades of laboratory, field, and theoretical research have been 

devoted to understanding LACs with significant improvements in detection capabilities 
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(Slowik et al. 2011). A large portion of this research has been focused on BC, often 

without distinction of the unique chemical, morphological, and thermal characteristics 

that are now attributed to BC (Chen and Lippmann 2009, Slowik et al. 2011). BC consists 

of nanometer-sized primary carbon particles clustered together to form fractal aggregates 

(Sorensen and Feke 1996) while other carbonaceous absorbing compounds may be made 

up of non-combustion related polycyclic aromatic hydrocarbons, such as humic acid from 

plant decay (Yu et al. 2010). Another absorbing aerosol that is similar to BC optically but 

very different otherwise is iron oxide (Weingartner et al. 2003). Iron oxides can often be 

present in the same plume as BC, such as from vehicular emissions where brake wear 

generates iron particles and fuel combustion produces BC (Zhang et al. 1998, Zhou et al. 

2001). It is therefore necessary to be able to distinguish the two in order to compare with 

spatial and temporal trends as well as health effects. 

Measurements of LACs often incorporate optical measurements usually in the 

visible spectrum. Differentiating BC from other LACs can be achieved through chemical 

analysis or thermal processing. Concentrations of LACs without the use of either of these 

methodologies typically report an “effective BC” concentration, where the primary 

absorptive specie in the plume sampled is assumed to be BC and the other LACs are 

thought to be negligible. This was demonstrated in a recent study by (Chen and Schwartz 

2009) with 180,000 PTFE filters collected by the Interagency Monitoring of Protected 

Visual Environments (IMPROVE) network and compared with thermal/optical carbon 

analysis (EC). The filters were analyzed by the Integrating Plate Method (IPM) where 

light (in this study a He/Ne laser, λ = 633 nm) is transmitted through the sample and 

substrate (Campbell et al. 1995, Hansen and Nazarenko 2004). Subtracting blank effects 
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provides a measurement of extinction, which, when divided by a calibrated mass 

absorbing coefficient (MAC) provides an estimate for BC. The IMPROVE network uses 

a MAC value of 10 m
2
 g

-1
 with correlations > R

2
 = 0.8 across spatial and seasonal 

differences (Chen and Schwartz 2009). This study was performed with 24 hour filters, 

however the IPM method can also be used for real-time analysis in the particle soot 

absorption photometer (Cowen et al. 1982). An advancement on the IPM technique that 

more comprehensively differentiates BC with only optical detection is the multi-angle 

absorption photometer, which utilizes an additional detector for scattered light 

(Wedepohl 1995a). By collecting both transmitted and scattered light signals, a more 

robust measurement of absorption is possible. Both techniques are widely used and can 

offer real-time monitoring in field sampling campaigns, important for tracking 

anthropogenic activities such as traffic patterns and industrial emission events. 

For tracking anthropogenic activities, pre-sorted PM samples can offer an 

additional benefit of direct comparison between different non-destructive analyses. In this 

work, IPM was adapted for use on resuspended samples collected by DRUM cascading 

impactors. The main benefit of DRUM samplers is the ability to sample in nine size 

modes with user-specified time resolution as low as 1 hour (Cahill et al. 1987, Cahill et 

al. 1985). The size cuts are similar to the commercial Micro-Orifice Uniform-Deposit 

Impactor (MSP Corp.), namely: 5.0, 2.5, 1.15, 0.75, 0.56, 0.34, 0.26, and 0.09 µm, often 

used with an integrating after-filter. Due to small sample sizes, ranging from nanograms 

to micrograms of deposit, highly sensitive techniques are employed for analysis. Beta-

attenuated mass techniques (Chueinta 2001) have been used reliably for both ambient 

monitoring (Met One Instruments Inc. E-BAM) as well as measuring the mass aerial 
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density of size- and time-resolved DRUM samples (Cahill 2002). Elemental analysis 

using synchrotron-induced X-ray fluorescence is routinely performed at synchrotron 

facilities, including the Advanced Light Source at Lawrence Berkeley National 

Laboratory, where elements ranging from sodium to molybdenum plus lead are measured 

with detection limits as low as 1 ng m
3
 (Cahill 2002). With the introduction of a new 

beamline system at the Stanford Synchrotron Radiation Laboratory, elemental analyses 

with the same sensitivity are now extending to uranium (Westermark 1975). This will 

include rare earth elements and platinum group elements, useful in tracing petroleum 

refinery emission events and catalytic converter emissions from cars (Kulkarni et al. 

2007, Moldovan et al. 1999). Using these non-destructive analysis techniques coupled 

with the DRUM’s presorted samples enables the direct comparison of elemental and mass 

data for each size and time bin. This comprehension of ambient signatures has led to 

advances in aerosol health effects, as in the correlation between ischemic heart disease in 

the central valley of California with metal concentrations in a narrow particle size bin 

(0.09 to 0.26 µm, R
2
 ≥ 0.95 for P, Fe, and Ni) shown in (Cahill et al. 2011a, Uhlig and 

von Hoyningen-Huene 1993). In source identification/apportionment studies, size and 

time components were essential after the collapse of the World Trade Center in New 

York (Cahill et al. 2004), in differentiating very-fine/ultrafine locomotive emissions from 

urban background (Cahill et al. 2011c), and in identifying origins of long-transport 

aerosols to the Greenland ice cap (VanCuren et al. 2012). The addition of quantitative 

optical assessments will provide a more comprehensive understanding of sampled PM 

and enable more robust conclusions. 
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The goal of this work was to test the ability of applying an adapted IPM to size- 

and time-resolved DRUM samples. To achieve this goal, triplicate samples of non-

absorbing salts (ammonium sulfate and sodium chloride), light absorbing carbon, and 

mixtures of the two were resuspended and sampled by a DRUM impactor. The samples 

were analyzed using 120 wavelengths spanning 350 to 800 nm. Mass was measured using 

beta-attenuated mass so that mass-specific absorption and scattering coefficients could be 

determined. Sensitivity to scattering was evaluated using the salt samples while 

sensitivity to absorption employed the carbon samples. Mixed samples presented gradient 

profiles for each size bin. Since other instrumentation such as sizing particle counters 

were not used, evaluations of variations within each size bin were not performed. It 

should also be noted that organic aerosols were not investigated, therefore the effects of 

aged organic constituents on absorption were not determined. 

3.2. Methods 

3.2.1. Optical System Overview 

The instrumental setup is fundamentally similar to the IPM discussed by (Hansen 

and Nazarenko 2004) where incident light is transmitted through collected samples to a 

lens for detection. The transmission is converted to extinction by the subtraction of 

absorption and scattering effects induced by the instrumental geometry and blank 

collection media (i.e., PTFE filter, quartz filter, glass plate). An important difference for 

the current method is that samples are collected on a greased Mylar film, which 

effectively transmits incident light and avoids scattering as from a filter membrane. The 

Mylar films are mounted on a PTFE frame, which acts as both structural support as well 

as a blind for dark current measurements. Framed samples can be stacked for sequential 
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measurements, analyzing ~3,200 samples (all eight size bins for the entire sampling 

period, e.g., six weeks) in less than three hours. 

Light is produced from either a deuterium (effective range 350 – 800 nm) or a 

tungsten halogen (effective range 400 – 800 nm) lamp provided by a DH-2000 model 

light source (Ocean Optics Inc., Dunedin, FL, USA). The light source is directly emitted 

from a bare fiber optic to the sample, traveling approximately 1 cm through air. A slit 

(0.5 mm X 6 mm) is located between the light source and the sample substrate so that the 

area illuminated matches the width of sample peaks impacted on the substrate for each 

time bin sampled (i.e., 0.5 mm width of sample deposit per 2 hours of sampling). 

Utilizing the slit introduces a small enhancement of attenuation due to diffraction, which 

also slightly interferes with time resolution. The maximum attenuation enhancement 

measured has been 2.7% at 675 nm. Since all single wavelength analyses are performed 

using 550 nm, with comparisons to 350 and 780 nm, where little (0, 0, 2.1%, 

respectively) enhancement is observed, this phenomenon was considered negligible. 

There will likely be an enhancement observed in wavelength dependence, although this 

was not investigated in the present study. 

Mylar efficiently absorbs light between 200 and 320 nm, and for wavelengths 

above 390 nm it transmits >90%, as shown in Figure 1. Although the optical properties of 

Apiezon-L grease are not well defined, average ratios of full source to sample blank 

intensities are near unity (mean = 0.989 ± 0.045 for λ = 350 to 800 nm). Apiezon grease 

is a high molecular weight (1300 amu average), ultra-high vacuum grease. The grease, 

diluted in Optima grade toluene at 2% m/v, when applied to the substrates only 

contributes approximately 5 μg m
-2

 compared to the 480 μg m
-2

 of the Mylar. The 
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reflectance characteristics of the greased Mylar surface have yet to be determined, 

although they are not a significant factor for this analysis, as shown in the results section. 

The distance from sample to the collimating lens is approximately 2 mm. Since the lens 

diameter is 5.0 mm, θ is approximately 50, capturing most of the forward scattering. The 

collimating lens can be adjusted for focus and can achieve < 2 divergence. Light is 

detected by an Ocean Optics USB2000+ UV-visible detector in 2,048 channels. To 

reduce the amount of data in processing, only 1 in 10 channels is used in data processing. 

This reduction still allows for 120 wavelengths to be monitored for wavelength 

dependence and calculation of Ångström exponents, discussed below. 

 

Figure 1 Ratio of transmission to full source intensity. Uncertainty is calculated as 1-σ. Note that the 

deuterium lamp emits a characteristic peak at 658 nm. This anomaly is removed prior to 

data processing. 
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  (

               

          
), (1) 

where τext is the total extinction of light from the sample in Mm
-1

, A is the sample area in 

m
2
, V is the volume of air sampled in m

3
, and I is intensity in cps. Idark is measured while 

the PTFE frame is in between the source and lens before and after each dataset while Iref 

is measured from unsampled sections of the greased Mylar film (blanks, n ≥ 10 per 

frame). 

 

3.2.2. Beta-Attenuated Mass 

Mass concentrations were determined using the beta gauge at the University of 

California, Davis of the type described by (Chueinta 2001). Briefly, a Ni-63 radioactive 

source emits soft-beta particles at a maximum energy of 67 eV through a slit comparable 

to that used for optical analysis (0.5 mm X 10 mm). The particles travel 2 mm through air 

before attenuation by the sample. Transmitted beta particles travel an additional 2 mm 

through air to an Ortec ULTRA ion-implanted detector. Previous comparisons with 

Federal Reference Method Partisol Plus samplers as well as Tapered Element Oscillating 

Mass have shown very high precision (slope of 1.01 ± 0.21) over a 6 week period, shown 

in supporting information of (Cahill et al. 2011a). Measurements of blanks for the current 

study gave a minimum detection limit of 0.2 μg m
-3

.  

3.2.3. Resuspension of Samples 

In order to determine the sensitivity of the instrument to scattering, absorption, 

and mass loading, a bubbler/resuspension system was produced based on the bubbler 

used for calibration of the particle soot absorption photometer (Bond et al. 1999). 

Resuspended aerosols included non-absorbing salts (ammonium sulfate and sodium 
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chloride), activated carbon, and mixtures ammonium sulfate and carbon so that a gradient 

could be produced. The ammonium sulfate (n=3) was reagent grade with < 5 ppm 

impurities of arsenic, chloride, transition metals, insoluble matter, iron, nitrate, 

phosphate, and residue after ignition (MCB reagents, AX1385-1). Three types of NaCl 

were used in case of deliquescence issues, including: 98% Baker Reagent grade (n=4), 

Alessi sea salt (n=4), and Morton’s table salt (n=4). The optical characteristics of carbon 

vary depending on its chemical composition and structure (Chen and Lippmann 2009). 

Due to availability, Darco activated carbon (Cabot Corp.) was used to represent 

absorbing carbon species (n=3). Other forms of carbonaceous aerosols have been 

sampled in unique field environments and will be discussed in related publications. 

Powder samples were mechanically ground to provide sufficient sample mass for each 

size bin sampled. Note that particle sizes were not controlled and the distribution was not 

meant to reflect expected environmental profiles but rather to provide enough material for 

analysis. 

Samples forming a gradient of pure ammonium sulfate to pure carbon with steps 

of 10% by mass were produced (9 mixes plus 2 vials of unmixed substances) separately 

in 15 mL polypropylene centrifuge tubes. An analytical balance was used for gravimetric 

mass in clean polypropylene pans. Mixes were shaken in their respective tubes prior to 

resuspension. Three separate samples of varying mass from each vial were resuspended 

to provide 33 total samples from non-absorbing to highly absorbing. Each mix was 

resuspended in a clean Erlenmeyer flask. 
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3.3. Results and Discussion 

3.3.1. Scattering Results 

 Scattering experiments were conducted using ammonium sulfate and sodium 

chloride samples, which are assumed to be non-absorbing (Bond et al. 1999, Uibel et al. 

2012). The mass specific extinction coefficient (MEC, m
2
 g

-1
) was determined by 

dividing total measured extinction by measured beta attenuated mass. As in previous 

experimental procedures (Hansen and Nazarenko 2004), Mie theory (Hanel 1976) was 

used as a comparison for determining the instrument’s sensitivity to scattering. This 

assumes that the impacted samples behave similarly to a suspension of aerosols. To 

produce a comparison of MEC, the extinction efficiency, Qext(m,x), of both salts was 

calculated using the methods described by (Ihalainen et al. 2012), (Harrison et al. 2010), 

and (Hays et al. 2011b). The variables m and x are the complex index of refraction and 

the size parameter       ⁄ , respectively. The size parameter represents the 

relationship between the equivalent particle size, Dp, and the wavelength of the incident 

light, λ. For non-absorbing salts, the resultant Qext was considered to be equivalent to 

Qscat. In order to compare with measured samples of varying mass loadings, the mass 

specific scattering coefficient, MSC, was calculated. MSC is related to scattering 

efficiency by the relationship: 

    
 

     
          , (2) 

where ρp is the particle density. The comparison of measured scattering to Mie theory 

predictions is shown in Figure 2 and numerical results are summarized in Table 1.  

Stages 4 through 7 showed significant decreases, 46 – 71 % reduction, while 

coarser stages 1 and 2 were enhanced 2.6 and 1.5 times the values predicted. Since the 
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first stages impact coarse particles at lower velocities (7.7 and 17.1 m s
-1

, respectively), 

the packing factor for the impacted sample is lower than for finer particles impacting at 

higher velocities (315.9 m s
-1

 for stage 8). Greater porosity increases the number of 

opportunities for light to scatter and therefore biases the measurement towards 

enhancement. Note that there was insufficient ammonium sulfate on stage 1 for analysis. 

Standard deviations between all salt samples were lowest for smaller particle size modes 

(2.1% for 0.34-0.26 μm), while larger size bins tended to have larger deviation (14.1% 

for ~2.5-1.15 μm). Measured MSC values for stage 8 salts ranged from 26% (ammonium 

sulfate) to 83% (table salt) higher than the mean predicted value for that size bin (0.09 to 

0.26 μm). Since the samples were mechanically ground, it is most likely that this stage is 

heavily biased towards the larger cut point as opposed to the ultrafine region, and 

therefore the optical signature would more closely be aligned with particles ~0.2 μm in 

diameter (0.18 μm for ammonium sulfate to 0.22 μm for table salt). It is very likely that 

the mean particle size in this stage is even larger than 0.2 μm since particles of this size 

exhibit more backscattering and as discussed previously, only forward scattering within θ 

< 50 is detected.  

In this calibration experiment, deliquescence was not observed to be a significant 

contributor.  Relative humidity is only expected to significantly affect particle attenuation 

characteristics above 70% (Chow et al. 2004, Chuang et al. 2002). Sampling and analysis 

were carried out in controlled laboratory conditions, therefore the samples were never 

subjected to that level of moisture. These findings indicate an effective reduction of 

attenuation due to scattering for particulate matter samples below 2.5 μm, resulting in 
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increased sensitivity to absorption. As can be seen from tight clustering in each size bin, 

mass loading and salt type did not significantly impact optical characterization. 

Table 1 Results of scattering calibration with non-absorbing salts, n=15 for each stage. Note 

insufficient ammonium sulfate mass was observed in stage 1. 

Stage 

Mean 

Particle Size 

(µm) 

Mean Escat 

(m
2
 g

-1
) 

σEscat 

(m
2
 g

-1
) 

% σEscat 

Ratio of 

NaCl to Mie 

Theory 

Ratio of 

(NH4)2SO4 to 

Mie Theory 

1 8.50 0.558 0.047 8.4 2.59 - 

2 3.75 0.666 0.042 6.3 1.46 1.10 

3 1.83 1.013 0.143 14.1 0.99 1.03 

4 0.95 1.278 0.091 7.1 0.52 0.46 

5 0.66 1.406 0.115 8.2 0.30 0.29 

6 0.45 1.495 0.081 5.4 0.32 0.30 

7 0.30 1.719 0.036 2.1 0.54 0.48 

8 0.18 1.432 0.186 12.9 1.69 1.26 

 

 

Figure 2 Mass scattering coefficient as a function of particle size.  
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3.3.2. Gradient Absorption Results 

The MSC values measured using non-absorbing salts coupled with beta attenuated 

mass measurements were used to subtract attenuation due to scattering from extinction 

measurements on mixed and carbon samples, yielding absorption in inverse megameters, 

i.e.,  

                                                         . (3) 

 

These absorption values were divided by measured mass values to obtain the mass 

specific absorption coefficient (MAC), as shown in Figure 3. As with scattering, mixed 

samples displayed tight clustering, indicating consistent ratios of absorbing and non-

absorbing species. The underestimated absorption of stage 8 supports the theory that the 

particles are biased towards larger diameters. Even when scattering is adjusted down 

69%, carbon absorption is still underestimated 17 – 29 %. It is also interesting to note that 

coarser size bins (stages 2 – 4) expressed greater variations and curved single scattering 

albedo (SSA) gradients while finer size bins (stages 5 – 8) were clustered and nearly 

linear (average R
2
 = 0.91), indicating external and internal mixing regimes, respectively 

(Venkataraman and Friedlander 1994) . SSA is often used as an indicator for mixing 

regimes as it depends more on the ratio of the non-absorbing compound than on 

morphology or aspect ratio (Seinfeld and Pandis 1998). 

In contrast to SSA profiles, the MAC profiles offer mixed results in terms of 

mixing state. The exponential MAC profiles of stages 6 – 8 support the indication of 

internal mixing, although absorption is not significantly enhanced as would be expected 

with a carbon core and ammonium sulfate shell (Venkataraman and Friedlander 1994). 

This core-shell configuration expresses enhanced absorption since the scattering shell can 
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refract light towards the absorbing core. It is possible that the carbon aggregates are 

located on the surface of ammonium sulfate particles, as described by (Waggoner and 

Weiss 1980). Similarly, the coarse size bins (stages 2 and 3) have distinctive 

enhancements in absorption surrounding the 50% mixture, which would suggest 

increased opportunities for absorption by the presence of scattering salts in the core-shell 

model. In this case, the impacted sample mound is the likely cause of increased 

opportunities for absorption, as opposed to mixing state. For a more exact understanding 

of mixing state, additional measurements should be taken, such as using a backscatter 

detector similar to the multi angle absorption photometer (Wedepohl 1995a). 

Confirmation of core-shell configurations should include co-located measurements with a 

single particle soot photometer instrument, as described by Sedlacek et al, and/or an 

intensive microscopy investigation. It has been demonstrated in a recent study by 

(Semmler et al. 2004) that the most important factors impacting optical properties for 

mixed populations of soot and ammonium sulfate are the size distribution and the 

absolute soot content. Therefore the aim of additional measurements and microscopy will 

be to determine whether absorption enhancement is related to the morphology of the 

sampled particles or rather the impaction/analysis technique. 
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Figure 3 MAC and SSA profiles for gradient samples. 

The other interesting feature to note is the high absorption by stage 4 (0.75 to 1.15 

µm). When compared to Mie theory (Figure 4, left), stage 4 is uniquely enhanced over 

the neighboring size bins. One possible explanation of this is de-agglomeration after 

impaction. If the particles fractured approximately in half, as suggested by (Sullivan et al. 

2013, Tsoli et al. 2005), then the measurements for stages 2 – 4 would more closely 

match the Mie profile (Figure 4, right). Fracturing may also be occurring for the salt 

samples in the coarse stages; however, this is less likely due to the stronger covalent 

bonds of the salts as opposed to the weaker van der Waals forces holding carbon 

aggregates together. Unfortunately, de-agglomeration has had limited investigation and is 

mathematically complex to approach due to unmeasured factors such as bridging between 
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particles and exact interfacial energies (Spada et al. 2012, Sullivan et al. 2013). 

Comparisons of theoretical impaction with interfacial energies have produced 

overwhelming excess of kinetic energy (3 orders of magnitude) while TEM micrographs 

have shown a wide range of fracturing, from 50-75% to approximately 3-4% reduction 

from un-impacted particles (Sullivan et al. 2013). In order to verify whether the results 

seen in the coarser stages are a result of de-agglomeration, further measurements using 

additional instruments is required. Previous de-agglomeration studies have used TEM 

grids and scanning mobility particle sizers to compare impacted and un-impacted 

particles (Sullivan et al. 2013, Takeda et al. 2008). Such measurements were outside the 

scope of this present work, but are presently being investigated. 

 

 

Figure 4 Comparison of carbon MAC values with Mie predicted curves. Figure on the left shows the 

measured values, the figure on the right shows a hypothetical scenario where the particles 

fractured upon impaction. 
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3.4. Summary 

 Application of an IPM method has been achieved for samples collected by 

DRUM-style impactors using resuspended non-absorbing salts and carbon. MSC values 

were calculated from the measured extinction and mass from both ammonium sulfate and 

three types of sodium chloride. The consistency of values regardless of mass loading and 

salt type indicated the appropriate use of MSC values to calculate attenuation due to 

scattering for subsequent analyses. Subtracting scattering attenuation from total 

extinction, absorption was calculated for a gradient of ammonium sulfate to pure carbon. 

The gradient profiles for coarse stages above 0.75 μm resembled external mixing while 

finer size bins more closely resembled internal mixing. Consistent enhancements of 

absorption for coarse stages indicate possible de-agglomeration upon impact, shifting the 

optical signatures to smaller particle sizes. 

 Large archives of size- and time-resolved DRUM samples exist from myriad 

environments and unique events. The study of their optical properties and subsequent 

comparison to elemental composition will contribute in the understanding of visibility 

degradation and radiative forcing impacts of aerosols. Light absorbing compounds will be 

of critical importance in sensitive areas, such as the Greenland icecap, which have been 

adversely affected by deposition of anthropogenic pollution. Future investigations that 

focus more closely on BC concentrations will require an additional detector to monitor 

backscattering. 
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4.1. Introduction 

Automobiles in the United States have been equipped with catalytic converters 

starting in the mid-1970s, which in its modern form contains a combination of three 

platinum group elements (PGEs); Rh, Pd and Pt. Autocatalysts oxidize unburnt 

hydrocarbons and CO as well as reduce nitrogen oxides thereby lowering concentrations 

of criteria pollutants such as ground level O3, CO, NO2 and airborne particulate matter. 

However, the high temperatures and violent vibrations experienced by the catalytic 

converter during vehicle operation leads to surface abrasion, attrition, and release of 

PGE-laden particles to the environment (Zereini 2000).  

For example, PGEs have been detected in airborne particulate matter along busy 

thoroughfares (Gomez et al. 2003, Hays et al. 2011a, Limbeck et al. 2007, Rauch et al. 

2005, Rauch et al. 2006, Zereini et al. 2005) and shown to accumulate on the surface of 

soils, roads, grasses, plants, tree bark and sediments near highways (Djingova et al. 2003, 

Ely et al. 2001, Gomez et al. 2003, Lesniewska et al. 2006, Motelica-Heino et al. 2001, 

Rauch and Hemond 2003, Schafer et al. 1999, Zereini et al. 2007). Since road dusts are 

the primary receptor for PGEs in urban environments, it is important to comprehensively 

characterize them to better understand their biological and geochemical cycling along 

with human exposure (Ek et al. 2004, Ravindra et al. 2004). To date, only very sparse 



28 

 

data are available for PGEs in United States’ road dusts (Ely et al. 2001, Rauch and 

Hemond 2003) whereas substantially more work has been performed in Europe and 

Australia (Djingova et al. 2003, Gomez et al. 2003, Jarvis et al. 2001, Lesniewska et al. 

2006, Motelica-Heino et al. 2001, Schafer et al. 1999, Whiteley and Murray 2003, 

Zereini 2000, Zereini et al. 2007). Geographically diverse data are necessary to capture 

differences in driving patterns, weather, traffic flow, vehicle type, model, maintenance 

histories, catalytic converter designs and environmental regulations; all of which may 

influence PGE emission factors. 

According to the U.S. Department of Transportation’s Federal Highway 

Administration, the State of Texas ranks second only to California in terms of vehicle 

miles traveled, with nearly 19 billion miles driven in November 2011 alone (USDOT 

2013). For this reason, road dust samples were collected and analyzed from different 

surface roadway locations in Houston, the largest city in Texas (and 4
th

 largest in the 

United States). Importantly, to better delineate automobile emissions, dust samples were 

also collected from inside the Washburn Tunnel, which is the only tunnel open to 

vehicular traffic in all of Texas. It is emphasized that tunnel dusts represent a composite 

of all tailpipe and non-tailpipe vehicular sources of particles as well as soil resuspension 

under real-world driving conditions. 

Since tunnel and road dusts also contain numerous non-PGEs, it is necessary to 

characterize a wide range of main group, transition and lanthanoid elements in order to 

determine sources and associated human exposure. However, most studies of road dust 

have focused on two or three PGEs alone (Gomez et al. 2003, Lesniewska et al. 2006, 

Motelica-Heino et al. 2001) or included a very limited number of other metals such as Pb, 
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Ni, Cu, Zn and Ce (Djingova et al. 2003, Ely et al. 2001, Jarvis et al. 2001, Schramel et 

al. 2000, Whiteley and Murray 2003). Additionally, even though the primary source of 

PGEs in urban environments is motor vehicles, most investigations of mobile source 

emissions do not report them because their detection at trace concentrations has proven to 

be very challenging e.g. (Geller et al. 2005, Johansson et al. 2009, Lough et al. 2005). 

Typically, excellent detection limits for a variety of crustal and anthropogenic metals are 

possible using quadrupole inductively coupled plasma – mass spectrometry (q-ICP-MS). 

For PGEs, however, spectral overlap and the required use of HCl for digestion critically 

impede their quantification (Cairns et al. 2011, Gomez et al. 2000, Sutherland 2007, 

Wiseman and Zereini 2009). Further, the plasma gas 
40

Ar combines with 
63

Cu, 
65

Cu and 

66
Zn to spectrally overlap 

103
Rh, 

105
Pd, and 

106
Pd, respectively. Additionally, doubly-

charged 
206

Pb
++

 significantly interferes with 
103

Rh. Polyatomic interferences also arise 

from oxides of 
87

Rb, 
87

Sr, 
89

Y, 
90

Zr and 
179

Hf, which are typically present in much higher 

concentrations than PGEs (Angel Rodriguez-Castrillon et al. 2009, Cairns et al. 2011, 

Lesniewska et al. 2006, Sutherland 2007, Wiseman and Zereini 2009). Also, since HCl is 

necessary to dissolve Pt and Pd from their particulate forms (Hartley 1991), the number 

and severity of interferences during ICP-MS are increased compared with the typical acid 

matrix used to digest most siliceous matrices (i.e. HNO3, HF, and H3BO3). Such 

interferences may hinder the quantification of air toxics such as V, Cr, Co, Ni, Cu, Zn, As 

and Cd. Consequently, many investigators report either PGEs or transition metals, but 

rarely both (Djingova et al. 2003, Ely et al. 2001, Gomez et al. 2003, Jarvis et al. 2001, 

Lesniewska et al. 2006, Limbeck et al. 2007, Motelica-Heino et al. 2001, Schramel et al. 

2000, Whiteley and Murray 2003).  
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The interfering species can either be chemically removed or mathematically corrected 

to accurately measure PGEs (Angel Rodriguez-Castrillon et al. 2009, Cairns et al. 2011, 

Lesniewska et al. 2006, Sutherland 2007, Wiseman and Zereini 2009). Removing 

interferences often involves combinations of digestion, evaporation and chemical 

separation. Ion-exchange is often used since PGEs form highly stable anionic chloro-

complexes while the majority of other metals form weaker anionic or stable cationic 

species in HCl (Cairns et al. 2011, Kovacheva and Djingova 2002). PGE chloro-

complexes are separated by either selectively retaining them on anionic exchangers (for 

later elution) or eluting them through cationic exchangers (retaining the rest of the sample 

matrix) (Cairns et al. 2011, Dubiella-Jackowska et al. 2007, Kovacheva and Djingova 

2002). The discussion of anion versus cation exchange columns continues in the literature 

with an apparent preference towards cation exchange for environmental samples 

(Balcerzak 2011, Lesniewska et al. 2006, Wiseman and Zereini 2009). Mathematical 

correction, on the other hand, has shown promise in providing reproducible results when 

careful measurements of oxide ratios of the interfering species are made (Moldovan et al. 

1999). However, this is tedious for large sampling campaigns since individual oxide ratio 

measurements are necessary for each interfering species before each measurement. 

Therefore, a cation exchange resin was employed to remove PGE-related interferents and 

a dynamic reaction cell (DRC) was utilized to exploit ion-molecule collisions and 

reactions with NH3 gas to remove matrix interferents during q-ICP-MS, (Olesik and 

Jones 2006). 

The principal objectives of this work are to (i) develop a sample preparation and 

DRC-q-ICP-MS method that enables the accurate measurement of PGEs as well as 
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numerous other main group, transition and lanthanoid elements and (ii) implement this 

analytical method to characterize the elemental composition of several road and tunnel 

dusts. Pt, Pd and Rh were quantified along with 13 main group elements, 15 transition 

metals and 14 lanthanoids using DRC-q-ICP-MS. PGE concentrations along with certain 

important interferents were independently validated using sector field-ICP-MS in a 

collaborating laboratory. Improved measurements of anthropogenic metals such as V, Ni, 

Zn, As and Cd were achieved using the reaction cell. 

4.2. Experimental 

4.2.1. Instrumentation 

Digestions were performed in a programmable 1200 W microwave system (MARS 5, 

CEM Corp., Matthews, NC) using 100 mL Teflon-lined vessels rated at 210 °C and 350 

psig (HP-500 Plus, CEM Corp.). Conditions inside the vessels were monitored and 

controlled with a control vessel assembly equipped with pressure and temperature 

sensors. Analyses were performed with a DRC-q-ICP-MS (ELAN DRCII, PerkinElmer, 

SCIEX, Norwalk, CT, USA). The instrument was operated using high-purity argon gas 

and high-purity ammonia (99.999%, Matheson Trigas, TX, USA). The sample 

introduction system was composed of a quartz cyclonic spray chamber with a concentric 

quartz Meinhard nebulizer, connected by Tygon tubing. Both sample and skimmer cones 

were platinum tipped and purchased from PerkinElmer. The argon gas flow rate at the 

nebulizer was maintained between 0.98-1.02 L min
-1

. For the DRC unit, the range for 

NH3 gas flow was set between 0.2-1.0 mL min
-1

 and RPq values ranged from 0.25 to 0.8. 

All elements with known argide, oxide and/or chloride interferences were included in the 
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DRC optimization process. Other instrumental settings and operating conditions were the 

same as those reported in our recent work (Danadurai et al. 2011).  

Pt, Pd and Rh were quantified along with 13 main group elements (Mg, Al, K, Ca, 

Ga, As, Se, Rb, Sr, Sn, Sb, Ba, Pb), 15 transition metals (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, 

Cu, Zn, Y, Zr, Mo, Cd, W) and 14 lanthanoids (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, 

Er, Tm, Yb, Lu). Consistent with our recent DRC-q-ICP-MS work (Danadurai et al. 

2011), for all polyisotopic elements, at least two isotopes were monitored to be compared 

with values reported in reference materials. Whenever possible, the most abundant 

isotope was selected. Otherwise, the isotope with the least isobaric or polyatomic 

interferences was used. 

4.2.2. Reagents and materials 

 Ultrapure water (Max159 Modulab, U.S. Filter Corporation, Lowell, MA) was used 

during sample preparation and ICP-MS maintenance. All acids used were purchased for 

high purity and low metals content. These included HCl (32-35%, Optima, Fisher 

Scientific, NJ), HF (48%, Fluka, Milwaukee, WI), HNO3 (65% EMD Chemicals, 

Gibbstown, U.S.) and H3BO3 (99.99%, Acros Organics, NJ). Standard solutions were 

prepared daily by dilution of single-element stock solutions (High-Purity Standards, 

Charleston, SC) with 0.4 M HNO3. An internal standard consisting of 20 µg L
-1

 Ge, In 

and Bi was also prepared from single element stock solutions (High-Purity Standards, 

Charleston, SC) by dilution with 0.4 M HNO3.  

A cation-exchange resin (Dowex 50WX8 200-400 mesh, Sigma-Aldrich, Saint Louis, 

MO) was used to chemically separate PGEs from the sample matrices. The resin was 

contained in 12 mL Poly-Prep chromatography columns (2 mL bed volume with 10 mL 
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reservoir, Bio-Rad Laboratories Inc., Hercules, CA). All vessels and columns were 

soaked in 35% HNO3 for 24 hours and rinsed thoroughly prior to each use. 

Method validation was performed using BCR 723 (road dust; European Commission, 

Joint Research Centre, The Institute for Reference Materials and Measurements; certified 

Rh, Pd and Pt concentrations of 12.8, 6.1 and 81.3 µg g
-1

 respectively), SRM 2556 (used 

auto catalyst; certified Rh, Pd and Pt concentrations of 51.2, 326.0 and 697.4 µg g
-1

 

respectively) and SRM 1648a (urban particulate matter; no certified PGEs). 

4.2.3. Dust and autocatalyst samples 

Dust samples were obtained from inside the Washburn Tunnel, an underwater tunnel 

that passes beneath the Ship Channel located in the highly industrialized portion of the 

Houston Metropolitan area. It is comprised of a single bore, 895 m in length, with a 6% 

roadway grade outward from the center toward each exit and connects the cities of 

Galena Park and Pasadena. Approximately 25,000 predominantly single-axle gasoline-

driven vehicles pass through the tunnel every day at average speeds of 35-45 mph. 

Tunnel dust was collected from the catwalk (~ 75 cm elevation from the road surface) 

near the north, middle and south ends of the tunnel as well as the gutter (~ 5 cm below 

the road surface) near the middle of the tunnel on January 19, 2012. 

Road dust samples were collected on January 5, 2012 alongside major surface 

roadways in the Houston Metropolitan area. The sampling locations included: Clinton 

Drive, an established air quality monitoring site in the industrialized ship channel area 

(longitude 29.734, latitude -95.258), ~400 m from the northern entrance of the Washburn 

Tunnel (29.733, -95.211), beneath an overpass at the intersection of three interstate or 

state highways (Hwys 59, 45 and 288; 29.743, -95.361) with a combined traffic count of 
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> 220,000 vehicles/day, and a major transit center for the Houston Metropolitan Transit 

Authority that is dominated by diesel-driven buses (29.750, -95.371).  

At each sampling point, dust was swept with a clean nylon brush and collected in 

labeled polypropylene tubes. Sections were selected based on visual uniformity and lack 

of debris. Prior to digestion, all samples were dried at 105 °C and sieved sequentially 

with 0.710 mm and 0.106 mm meshes to remove large particles and organic debris. 

Samples were shaken before being measured out for digestion. Tunnel and road dusts 

were examined using scanning electron micrographs (Figure 5), which demonstrated their 

heterogeneity in terms of size distribution and topography. They also appear to be 

qualitatively similar to images of other PGE-bearing road dusts published recently 

(Prichard and Fisher 2012) in that they were comprised of large particles (> 10 µm) 

interspersed with smaller ones. Visual inspection of several images qualitatively revealed 

that generally smaller particles comprised the tunnel dust. Comparing particle dimensions 

of surface roadway dust to tunnel dust underscores the separation of ambient influences 

(i.e., > 10 µm crustal resuspension) with a relatively controlled environment (< 10 µm 

vehicular emissions). 

 
Figure 5. Electron micrographs of tunnel and road dust samples showing their inherent 

heterogeneity (left to right: Downtown transit center, Clinton Drive, Freeways, Washburn 

Tunnel gutter, and Washburn Tunnel catwalk). 

A separate sample of ground (approx. 60 mesh) substrate from a mixed random lot of 

spent United States catalytic converters (multiple types and different PGE loadings) that 

were crushed and sampled together as one lot was obtained from the world’s leading 
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autocatalyst manufacturer (Engelhard Corporation, Iselin, NJ). Its Rh, Pd and Pt contents 

were 184, 1148 and 814 g g
-1

, respectively. 

4.3. Sample digestion and separation procedures 

4.3.1. Microwave digestion 

It has been reported that chemical separation of samples with cation-exchange resin 

after digestion with aqua regia and HF results in poor recoveries for PGEs analyzed by q-

ICP-MS (Lesniewska et al. 2006), which was confirmed in this study. Therefore, to 

measure PGEs along with other elements, samples following aqua regia digestion were 

separated into two equal parts so that different preparation methods could be performed 

depending on the analytes of interest. Sub-samples to be analyzed for PGEs continued to 

evaporation and cation exchange whereas sub-samples to be analyzed for all other 

elements continued to two-stage digestion with HF and then H3BO3.  

For aqua regia digestion, 2 mL HNO3 and 6 mL HCl were added to each sample (200 

mg for road dust, tunnel dust, and BCR 723: 20 mg for SRMs 2556 and 1648a) in loosely 

capped Teflon vessels and left for 5 min. The control points were 200 °C and 300 psig 

with a dwell time of 20 min. After three digestions in aqua regia, 4 mL of sample were 

taken to another vessel for further PGE sample preparation (see below). The remaining 4 

mL aqua regia digestate received 0.5 mL of HF to completely digest siliceous material 

and the samples continued digestion three more times. Next, 4 mL of 5% (w/v) H3BO3 

were added to each vessel to mask free fluoride ions in the solution and re-dissolve 

fluoride precipitates. Samples were digested three more times at the same microwave 

settings. The final digestates were variably diluted with 0.4 M HNO3, depending on the 

analytes of interest prior to q-ICP-MS.  
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The extracted sub-samples that would be analyzed for PGEs were evaporated almost 

to dryness on a hot plate at ~ 80 °C. The resulting residues were dissolved in 2 ml of 

concentrated HCl and heated again to almost dryness. This treatment was repeated twice 

more to reach complete extraction and satisfactorily remove HNO3. The final residues 

were dissolved in 14 mL of 0.5 M HCl prior to cation exchange.  

4.3.2. Separation of matrix ions on cation-exchange resin  

To accurately measure low concentrations of PGEs, especially Pd, interfering 

species were removed by passing the sample matrix through a cation-exchange column. 

Before each use, Dowex 50WX8, 200-400 mesh resin was placed in a flask and 

ultrasonically cleaned with a mixture of 30% (v:v) HCl and 1% (v:v) HF (1 time), 4 M 

HCl (6 times), ultra pure water (twice), and 0.5 M HCl (twice) for 20 min each, 

respectively. HF was used to remove residual Zr and Hf (Cairns et al. 2011). Each Poly-

Prep cation-exchange column was prepared with 3.5 g of cleaned resin. The resin was 

first equilibrated with 10 mL of 0.5 M HCl and the eluent was collected in a polyethylene 

tube to serve as the column background sample. Then, the background tube was replaced 

with a sample tube and 5 mL of sample in 0.5 M HCl were added to the column. The 

eluent was collected in the second tube at a flow rate of ~1 mL min
-1

. After the sample 

passed through the column, the resin was rinsed by adding 2 mL of 0.5 M HCl and the 

eluent was collected in the same tube. 

4.3.3. Quality control 

To determine the recovery of target elements in this method, three reference materials 

BCR 723 (road dust), SRM 2556 (used auto catalyst) and SRM 1648a (urban particulate 

matter) were analyzed alongside all samples. Accuracy was judged by comparing the 
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analytical results with the certified and non-certified values, expressed as recovery (%). 

Acid blanks (n=4) were processed to determine the impact of contamination during 

sample handling and preparation. All blanks were prepared and analyzed in the same 

manner as the samples. Sample quantities were quantified and blank-corrected by 

subtracting the mean blank amount from the sample amount for all samples.  

Selected measurements were also made at Rice University using a ThermoFinnigan 

Element 2 magnetic sector, single-collector ICP-MS with reverse magnetic and 

electrostatic geometry. Samples were introduced into a small-volume cyclonic spray 

chamber with an Elemental Scientific Teflon nebulizer using free aspiration with an 

uptake rate of ~100 μL min
-1

. A Pt guard electrode along with a high-sensitivity Ni 

skimmer cone was used. Relevant parameters were 0.94 L min
-1

 of Ar sample gas, 1370 

W forward power, and all analyses were run in low and medium mass resolution mode 

(i.e. m/Δm=4000 as defined by the width of the peak between 10% shoulder heights). 

More information on instrumental settings and operation may be found in (Danadurai et 

al. 2011). 

4.4. Results and Discussion 

4.4.1. Performance of cation-exchange column 

Major PGE interferences were measured in the column effluent and influent for 

ten freshly prepared standards, reference materials, and road/tunnel dust samples. As 

shown in Figure 6, their concentrations decreased typically by two orders of magnitude 

consistent with previous reports (Cairns et al. 2011, Ely et al. 2001, Mukai et al. 1990). 

Interferences from the sample matrix were successfully reduced (95.3 - 99.8% removals) 

allowing 100.8 ± 6.5%, 91.3 ± 10.3% and 97.8 ± 2.9% recoveries for Rh, Pd and Pt from 
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BCR 723, respectively, demonstrating the suitability of the cation-exchange procedure 

for PGE measurements from road dusts. 

 

Figure 6. Reductions in concentrations of principal PGE interferents via cation-exchange column 

separation. Average removal percentages are shown for each element (n=10 and error bars 

correspond to one standard deviation). 

 

4.4.2. DRC optimization 

Just as chemical separation of interferences was necessary to accurately quantify 

PGEs, the removal of plasma/matrix-based isobaric and polyatomic interferences was 

necessitated especially following the use of aqua regia for sample digestion. This was 

accomplished using NH3 gas to remove interferences through ion-molecule collisions in a 

reaction/collision cell before ions entered the mass analyzer. Background equivalent 

concentrations for spiked samples as a function of the NH3 flow rate (RPq value of 0.45) 

are summarized in Figure 7. BECs decreased for several elements, especially As, Zn, V, 

Ni and Cd, which is attributed to fast electron transfer reactions between NH3 and the 

interfering species in the reaction cell (Danadurai et al. 2011, Olesik and Jones 2006). 
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Subsequent analyses of these elements were performed using the NH3 flow rate 

corresponding to the minimum BEC in Figure 7. 

The bandpass of the reaction cell quadrupole was also adjusted by varying the RPq 

value to eject polyatomic reaction products arising from trace impurities in the cell gas 

before ions entered the mass analyzer (data not shown). The optimal combination of the 

RPq value and the corresponding cell gas flow provided the maximum signal-to-noise 

ratio, which increased to 552-3035 from only 1.6-58.9 in the “standard mode” for the 

metals shown in Figure 7. Hence, the reaction cell allowed marked improvements in 

measurements of several anthropogenic metals in road dusts similar to aerosols 

(Danadurai et al. 2011). 
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Figure 7. Optimization of NH3 cell gas flow. Note zero cell gas flow indicates “standard mode” of 

operation. 

4.4.3. Analysis of reference materials and comparison between q-ICP-MS and 

sector field-ICP-MS 

 One of the principal efforts of this study was to retain the ability to measure a wide-

range of metals in addition to PGEs. Whilst SRM 2556 and BCR 723 served as 

benchmarks for the extraction and measurement of PGEs, non-PGEs were primarily 

evaluated using SRM 1648a. Rh, Pd and Pt recoveries from SRM 2556 (n=2) were 

111.3±14.0%, 104.9±11.6% and 104.6±8.8%, respectively, and those from BCR 723 

(n=6) were 103.2±8.9%, 86.9±12.9% and 100.9±8.3% respectively.  
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Figure 8. Accurate measurements of numerous elements from reference materials. The solid line 

denotes perfect equality between DRC-q-ICP-MS measurements made in this study and 

values provided in the corresponding certificate. 

 

 As seen in Figure 8, all certified and non-certified elements in these three reference 

materials were recovered in the range 85-115%. Rare earth element measurements were 

imperative to distinguish between crustal, autocatalyst and petroleum refining sources in 

road dust. The average recoveries for Y was 103.3±5.8 (n=6, BCR 723) and those for La, 

Ce and Sm were 103.5±12 (n=6, SRMs 2556 and 1648a), 100.4±7.3 (n=6, SRMs 2556 

and 1648a) and 104.9±0.6 (n=3, SRM 1648a) respectively, demonstrating their accurate 

quantitation.  
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External verification was also performed by measuring PGEs and targeted interfering 

species post cation-exchange separation using sector field-ICP-MS at Rice University. As 

summarized in Figure 9, excellent agreement was obtained between q-ICP-MS and sector 

field-ICP-MS measurements with regression coefficients for the four reference material 

samples analyzed ranging between 0.901 and 0.998. The road/tunnel dust samples were 

also extremely well-correlated (r
2
=0.994-0.999). No statistical differences between the 

two methods were observed at 95% confidence for these elements. The close agreement 

between the two separate instruments and two independent users coupled with 

quantitative recoveries from three reference materials underscores the precision of our 

DRC-q-ICP-MS measurements and robustness of sample preparation methods including 

digestion and cation exchange. Therefore, many important anthropogenic elements were 

accurately and precisely measured alongside PGEs using DRC-q-ICP-MS in road and 

tunnel dusts in this study for identification of pollutant sources. 

4.4.4. Elemental characterization of road dust samples 

 Elemental abundances in the tunnel dust (n=3), tunnel gutter (n=1) and road dust 

(n=4) samples are shown in Figure 10. As may be expected, the crustal elements Al, Fe, 

Mg, K, Ca, Ti and Mn were the most abundant in the dusts. Concentrations of these and 

many other elements such as Sc, Sr, Zr and lanthanoids were also close to average upper 

continental crustal (UCC) values (Wedepohl 1995a). 
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Figure 9. Comparison between metals concentrations obtained using q-ICP-MS and sector field-ICP-

MS. The solid line denotes perfect equality between the two measurement techniques. 

 

Average Rh, Pd and Pt levels were 152±52, 770±208 and 529±130 ng g
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 in the 

tunnel dust, which were elevated in the tunnel gutter to 273, 717 and 1079 ng g
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respectively. This illustrates Rh and Pt accumulation in the gutter likely because of the 

regular washing of the tunnel walls and catwalk. Pd concentrations in the gutter were 

lower due to its higher water solubility and mobility (Jarvis et al. 2001). Rh, Pd and Pt 

concentrations in the dusts were 25 to 4,500 times higher than corresponding upper 

continental crust values. Several anthropogenic elements, viz. Cu, Zn, Ga, As, Mo, Cd, 
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tunnel dusts compared with road dusts reflect the isolation of the Washburn Tunnel from 

ambient meteorology and dispersion (see also Figure 11). 

 

Figure 10. Elemental abundances in tunnel dusts (n=3), tunnel gutter (n=1), and road dusts (n=4). 

 

Rh, Pd and Pt concentrations in Houston area road dusts varied between 6-8 ng g
-1

, 

10-88 ng g
-1

 and 35-131 ng g
-1

, respectively, which is in the same order of magnitude as 

road dusts in Indiana (Ely et al. 2001) as well as other countries including England 

(Jackson et al. 2007), Australia (Whiteley and Murray 2003), Poland (Lesniewska et al. 

2004), Sweden (Motelica-Heino et al. 2001), and Germany (Schafer et al. 1999, Zereini 

et al. 2007). Whilst PGE concentrations in dusts collected from Houston’s surface roads 

were comparable to values reported from other geographically disparate locations, 

substantially higher values were measured in the Washburn Tunnel than the majority of 

earlier tunnel studies (Kollensperger et al. 2000, Lesniewska et al. 2004, Matusiewicz and 

Lesinski 2002, Schafer et al. 1999). The elevated PGE concentrations are potentially 
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attributed to changing autocatalyst composition over time and differences in travel 

speeds, traffic loadings, engine models, type and age of catalyst, and fuel additives.  

PGEs measured in tunnel dust and road dust samples (n=7) excluding the gutter 

sample had statistically significant (p<0.01) and extremely strong correlations (r
2
=0.98-

0.99) between each other. This supports the hypothesis that PGEs in the Houston 

environment likely arise from the same source (automotive emissions).  

The ratios of Rh, Pd and Pt in the automobile catalytic converters are continuously 

modified by automotive manufacturers to optimize performance and cost-effectiveness. 

As the price for Pt increased in the late 1990s and early 2000s, manufacturers began 

using more Pd in catalytic converters (Zereini 2000). Additionally, PGE content of 

autocatalysts may differ between countries and over time depending on a variety of 

legislative, economic and technical issues complicating comparison of our PGE ratios 

with previously published results. As an example, Rh, Pd and Pt concentrations and ratios 

were significantly different in the mixed lot catalytic converter sample from Engelhard 

and NIST’s used autocatalyst SRM 2556. The Pt/Rh ratio ranged between 3.2-4.4 inside 

the Washburn Tunnel, which was consistent with the Engelhard catalytic converter 

sample (4.4). Higher Pt/Rh ratios (12-21) were measured for road dust samples from 

surface roadways. The Pt/Pd ratio was the same for all tunnel dust samples and the 

Engelhard catalytic converter (0.7), while the tunnel gutter and other road dusts had a 

Pt/Pd ratio > 1 (1.5-3.5) possibly due to the greater mobility of Pd compared with Pt.  
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Figure 11. Pt, Pd, Rh ternary diagram comparing all road- and tunnel dusts measured in this study 

along with other relevant previously published data. PGE concentrations have been 

normalized so that the composition of a mixed-lot random sample of several United States 

catalytic converters appear in the centroid. 

The road dust sample from the Downtown Traffic Center had the closest Pd/Rh ratio 

(6.7) to the Engelhard catalytic converter sample (6.2). For other samples, Pd/Rh ratio 

ranged from 2.6 (tunnel gutter) to 14.1 (just outside the Washburn Tunnel). The wide 

range of PGE ratios demonstrates their differential mobility in urban environments and 

differences in autocatalyst composition between gasoline- and diesel-driven vehicles, 

which is explored further in Figure 11. 

Figure 11 is a ternary diagram that facilitates the simultaneous comparison of all three 

PGEs measured in this study by adjusting their concentrations so that the mixed-lot 

random sample of several United States catalytic converters appears in the geometric 
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center. Dusts from the Washburn Tunnel and airborne PM in Boston (Rauch et al. 2005) 

can be seen to be closely associated with freshly-emitted autocatalyst demonstrating that 

motor vehicles are the primary source of PGEs. A general trend of relative Pt enrichment 

with Rh and Pd depletion in United States’ road dusts can also be observed, which is 

attributed to temporal changes in autocatalyst composition and differences in their 

environmental fate and transport. Changing PGE formulations over time in the United 

States is manifested as substantial spatial separation between the two used autocatalysts 

(SRM 2556 and Engelhard) in this ternary representation. It is noted that Austrian road 

dusts (Matusiewicz and Lesinski 2002) and BCR 723 (Schramel et al. 2000) are relatively 

enriched in Pt but depleted in Pd and Rh, which could be the result of a different 

autocatalyst composition employed in Europe when the corresponding studies were 

undertaken. Significant temporal and geospatial differences in PGE concentrations 

associated with tunnel and road dusts suggests the continued need for site-specific 

measurements to better establish the accumulation of these elements in urban 

environments as well as the need to develop a separate United States road dust reference 

material.  

In conjunction with PGEs, the substrate and washcoats of automobile catalytic 

converters also contain rare earths and tungsten (Ravindra et al. 2004, Zereini 2000). 

Tungsten may appear enriched in dusts even with relatively small contributions from 

anthropogenic sources since it is present only in ultra-trace concentrations in the UCC. La 

and Ce are also used in cracking catalysts during petroleum refining, an important 

activity in Houston (Kulkarni et al. 2006). Signature lanthanoid ratios were calculated to 

determine the major source of rare earths in dust samples. All La to light lanthanoid (Ce, 
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Pr, Nd, Sm, Gd) ratios in tunnel and road dusts were very similar, demonstrating a single 

source of rare earth metals for both sample sets. La/Ce ratios in dusts averaged 0.48, 

which is indistinguishable from the upper continental crust (Wedepohl 1995a) (0.50) and 

similar to the used autocatalyst SRM 2556 (0.7) but significantly different from 

petroleum refining catalysts (Kulkarni et al. 2006) (4.3). Importantly, the La/Pr, La/Nd, 

La/Sm, and La/Gd ratios in dusts (5.7, 1.4, 6.9, and 7.3 respectively) closely 

corresponded to continental crust (4.4, 1.1, 6.6, and 7.8) but significantly differed from 

autocatalysts (9.4, 2.9, 201, and 36.7,  respectively) and petroleum refining catalysts (9.7, 

6.4, 55, and 46, respectively) (Kulkarni et al. 2006, Wedepohl 1995a). These ratios 

unequivocally demonstrated that lanthanoids in tunnel and road dusts in this study 

originated from crustal material rather than cracking- or auto-catalysts. 

4.4.5. Enrichment factors 

 Enrichment factors of individual elements (X) in road and tunnel dusts were 

calculated with respect to the crustal concentration of Ti (Wedepohl 1995a) to gain 

further insights into their sources: 

      
[   ⁄ ]      

[   ⁄ ]     
   (4) 

Ti was chosen as the reference crustal element since other anthropogenic sources of Al, 

Mn, and Fe exist in the heavily industrialized area covered in this study.  
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Figure 12. Enrichment factors for vehicular metals using Ti as the crustal source reference. 

As summarized in Figure 12, average Rh, Pd and Pt enrichment factors were very high 

in tunnel dusts (5400, 3400 and 2950 respectively) and in road dusts (206, 110 and 280 

respectively) emphasizing their anthropogenic origins. Importantly, Rh and Pt enrichment 

factors calculated using Pd in the mixed autocatalyst Engelhard sample as the reference 

shifted to unity demonstrating that motor vehicles were the predominant source of PGEs 

in both tunnel and road dusts sampled during this study. Additionally, Cu, Zn, Ga, As, 

Mo, Cd, Sn, Sb, Ba, W and Pb in tunnel dusts originated from motor vehicles since their 

enrichment factors were also high (24, 45, 16, 16, 33, 50, 28, 200, 9, 31 and 53 

respectively). However, only a subset of these metals, viz., Zn, Cd, Sn and Sb, exhibited 

sufficiently high enrichment factors in surface road dusts (18, 9, 23 and 12, respectively) 

implying emission from anthropogenic sources in those environments. Since enrichment 

factors for all other elements in the tunnel varied between 0.35-3.5, and in road dusts 

varied between 0.24-6.1, they all were most likely derived from crustal sources.   

Linkages to mobile sources (both tailpipe and non-tailpipe) for elevated elements 
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were obtained from the literature. Elements associated with brake linings include some 

crustal elements (Ca, Mg, Ti, Fe, and K), along with Cu, Ba and Sb as major contributors, 

as well as minor amounts of Zn, Cr, Pb, Ni, Mo, Sr and Sn (Lough et al. 2005, Thorpe 

and Harrison 2008). Tire wear also contributes to Mn, Fe, Cd, Cu, Pb, Zn, Co, and Ni. 

MoS2 is a common lubricant in engine oils and is often enhanced with SbO to decrease 

friction and wear. Cd is a common impurity in Zn, which is used in zinc thiophosphate as 

another lubricant and usually attributed to brake and tire wear. Although Pb levels are 

much lower than in previously reported road dust values, measurements during this study 

are still significantly above crustal values. Since leaded gasoline is banned, Pb levels will 

likely continue to decrease through dispersion. Mobile sources of tungsten are not 

commonly reported but may arise from the autocatalyst washcoat, WS2 lubricating oils in 

the engine block, or localized welding activies. Ga is primarily used alongside As in 

brake lights and other electronics. Ba and As are also fuel additives and were enriched to 

a lesser extent in samples collected during this study than other elements.  

4.5. Summary and conclusions  

A novel sample digestion, chemical separation, and DRC-q-ICP-MS method was 

developed for the simultaneous measurement of platinum group elements together with 

multiple rare earth, main group and transition metals from dusts. Particulate samples were 

digested first with aqua regia in a microwave oven and then separated into two equal 

parts. The sub-sample designated for PGEs was evaporated and solubilized in HCl. 

Interferences were subsequently removed through a cation-exchange column prior to q-

ICP-MS. The second part of the digestate continued digestion with HF and H3BO3 for 

analysis of all the other elements. Incorporation of NH3 gas in a reaction cell prior to q-



51 

 

ICP-MS analysis improved the measurement of anthropogenic metals such as As, Zn, V, 

Ni and Cd. The newly developed method was successfully validated against three 

reference materials (BCR 723, SRM 1648a and SRM 2556) as well as through inter-

laboratory validation using sector field-ICP-MS. The metals content of several dust 

samples from surface roads and a vehicular tunnel was determined, which revealed 

elevated concentrations of PGEs and important traffic-related elements (Cu, Zn, Ga, As, 

Mo, Cd, Sn, Sb, Ba, W, Pb) with respect to the upper continental crust. PGE enrichment 

factors referenced to crustal Ti were very high (3,000 – 5,400 in tunnel dusts and 110 – 

280 in road dusts) whereas they were ≈ 1 when calculated using Pd concentrations in a 

mixed lot used autocatalyst sample demonstrating that motor vehicles were their 

dominant source. All other elements including rare earths in dust samples predominantly 

originated from low temperature weathering and erosion of crustal material. These results 

suggested that the Washburn Tunnel is an interesting environment to study motor vehicle 

emissions, especially PGEs, due to its isolation from other anthropogenic sources and the 

ambient atmosphere.   
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5.1. Introduction 

Currently, environmental regulations base particulate matter (PM) air quality 

standards on mass concentrations for PM10 (particles with aerodynamic diameters less 

than 10 μm) and PM2.5 (particles with aerodynamic diameters less than 2.5 μm) size 

modes. However, in the case of particle toxicity, many researchers contest that the 

surface area is a more significant factor (Araujo 2011, Harrison et al. 2010, Karlsson et 

al. 2009, Lippmann 2009, Oberdorster et al. 2007, Paur et al. 2011), which is dominated 

by particles in the Aitken size mode (< 200 nm). The results from these and similar 

studies (Cahill et al. 2011b, Cantone et al. 2011, Chen and Schwartz 2009, Chen and 

Lippmann 2009, Elder et al. 2006, Hayes 1997, Karlsson et al. 2008, Karlsson et al. 2009, 

Lundborg et al. 2001, Moroni et al. 2014, Sangani et al. 2010, Thompson et al. 2001, 

Wallenborn et al. 2009a, Wallenborn et al. 2009b) have shifted the field towards a strong 

focus on insoluble ultrafine particles (UFPs, particles below 100 nm equivalent diameter) 

with many pollutants expressing unique toxicities and carcinogenic capacities (Cantone et 

al. 2011, Chen and Schwartz 2009, Chen and Lippmann 2009, Elder et al. 2006, Sangani 

et al. 2010, Thompson et al. 2001). One of the most important findings is the relationship 
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between particle size and toxicity, which has indicated that metal toxicity can increase 

dramatically with decreasing particle size, especially in the Aitken and ultrafine size 

modes (Karlsson et al. 2009). Ultrafine metals such as Mn, Fe, Cu, Ni, As, and Pb have 

been shown to produce systemic changes in gene expression through damage to DNA 

and mitochondria, neutrophilic inflammation in the lungs, and neurotoxicity (Chen and 

Lippmann 2009, Elder et al. 2006, Karlsson et al. 2008, Karlsson et al. 2009, Thompson 

et al. 2001). Metallic PM has also been shown to increase platelet aggregation, which 

may be a mechanism responsible for correlations between respirable transition metals and 

heart disease (Donaldson et al. 2002).  

The monitoring and characterization of small (< integrated PM2.5) particles 

remains challenging, especially with regards to elemental composition. Conventional 

techniques employing X-ray fluorescence (XRF) or inductively coupled plasma-mass 

spectrometry (ICP-MS) require a significant amount (several mg) of sample mass in 

order to quantify a wide variety of trace elements. In typical ambient conditions, these 

analysis techniques limit sample collection to either integrating size modes (e.g. 3-6 hour 

samples of PM10 and PM2.5) or long sampling times (e.g., 8-11 size bins for 24 hours). 

One way to overcome this barrier is to use synchrotron-induced X-ray fluorescence, 

which is several orders of magnitude more sensitive than conventional XRF systems and 

can be used for very small sample mass (< 1 µg of sample) (Barberie et al. 2013, 

Jenniskens et al. 2012). This enables collection of ambient PM with a greater amount of 

size and time resolution, as used by DRUM-style impactors (Cahill et al. 2003, Cahill et 

al. 2004, Cahill et al. 1987). Combinations of size- and time-resolved elemental profiles 

with similarly resolved organic and ion measurements have proven to be highly 
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beneficial in the profiling and identification of pollutant sources, such as highway diesel 

engines, biomass burning, and rail yard emissions, as well as relating ambient 

concentrations with related health effects, such as ischemic heart disease (Cahill et al. 

2011b, Cahill et al. 2011c, Cahill 2010, Zielinska et al. 2003).  

Although Houston, Texas has received a great deal of advanced air quality 

monitoring due to the amount and variety of petrochemical manufacturing, it has not yet 

been studied with this degree of elemental PM resolution. Much of the industrial activity 

is located along the Houston Ship Channel (HSC), a 25 mile long industrial complex that 

has been refining approximately 25% of the nation’s oil since 1981 (Administration 

2014) and carries over 200 million tons of cargo on marine vessels, making it the largest 

export hub in the US (Authority 2012). Railroad lines and continuous diesel truck traffic 

move freight to and from the HSC area, creating a vast network of both mobile and 

stationary emission sources. Such density of airborne emissions near the 4
th

 most 

populous city in the US has led to concerns over human health impacts. The county 

surrounding the HSC consistently reports elevated levels of cardiopulmonary disease and 

mortality (Arafat et al. 2003). Cancer is the second leading cause of death in Harris 

County, behind heart disease, with approximately half of all deaths attributed to lung 

cancer (Arafat et al. 2003).  The Hazardous Air Pollutants special report (Walker et al. 

2007) by the University of Texas School of Public Health stated that children living 

within two miles of the HSC had a 56% greater risk to develop acute lymphocytic 

leukemia than children living elsewhere in Houston.  

In light of these public health concerns, intensive environmental research has 

taken place to develop understanding of HSC source contributions and how these might 
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affect morbidity/mortality rates. The Texas Air Quality Study II (TexAQS II) Radical and 

Aerosol Measurement Program (TRAMP) studies monitored a wide range of aerosol 

characteristics including optical properties, SMPS size distributions, and gas-phase 

chemical composition with a quadrupole-aerosol mass spectrometer (Wright et al. 2010). 

Around the same time, the local air quality control board in conjunction with the Texas 

Commission on Environmental Quality (TCEQ), initiated investigations at the HSC 

monitoring station at Clinton Drive that was out of compliance for ambient PM2.5 

concentrations (Sullivan et al. 2013). Results of this study indicated resuspension of 

unpaved roads as the dominant contributor to PM2.5 mass, which led to the subsequent 

paving of nearby roadways. Since these studies, the PM2.5 mass concentrations at Clinton 

Drive have been significantly reduced, as shown in supporting information; however, air 

pollutant-related health effects such as lung cancer have not shown any decrease 

(Alliance 2012).  

Due to the immensity and variety of industrialization as well as the elevated levels 

of air pollutant-related health effects, the objective of the present research was to 

investigate the temporal and spatial relationships of size-resolved elemental 

concentrations at three sampling sites near the HSC area. The overarching goal is to 

contribute to understanding the links between trace element airborne pollutants and the 

subsequent health impacts on neighboring communities. To our knowledge, this is the 

first size- and time-resolved elemental characterization in an urban area as industrialized 

as the HSC. 
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5.2. Methods  

5.2.1. Ambient PM Sampling 

The demands of the medical community for continuous measurements of PM with 

size and compositional data (Lippmann 2009) pose severe challenges for ambient studies. 

One approach is with the rotating drum impactors first used by Lundgren (Lundgren 

1967), a virtual impactor depositing samples on a cascading sequence of slowly moving 

substrates. One such unit is the Davis Rotating-drum Unit for Monitoring (Cahill et al. 

1985), which has the advantage of detailed quality assurance studies (Raabe et al. 1988) 

including a recent year-long equivalency study with the California Air Resources Board 

with the standard 24-hour Federal Reference Method (FRM) PM2.5 filters  

Three DRUM-style impactors were deployed at TCEQ monitoring sites 

surrounding a segment of the HSC from October 10 to October 25, 2012. Semi-

continuous samples representing two-hour time bins were collected on Mylar substrates 

in 8 size modes with lower cut points of: 5.0, 2.5, 1.15, 0.75, 0.56, 0.34, 0.26, and 0.09 

μm. All substrates were lightly coated with Apiezon L high-vacuum grease diluted in 

Optima grade toluene (2% m/v) to prevent particle bounce. Integrating after-filters 

(Millipore PTFE 47mm) were utilized on all samplers to capture particles below 0.09 μm 

(UFPs). As seen in Figure 13, the three sampling sites construct an equilateral triangle 

(each side ~ 14.5 km) in order to collect ambient PM from all sides of the target area. The 

sites are designated Clinton Drive (on the border of industry, railway, major roadways, 

and residential areas), Channelview (residential area with industry to the NE and S, major 

marine shipping yard to the east, and north of major industrial and marine traffic 

sources), and Deer Park (residential area 6.9 km south of the ship channel, 4.8 km south 

of industrial sites, and 4.8 km west of a small airport). The Channelview site is located 
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within 1 km of a school bus terminal that operated during weekdays. Deer Park is located 

within an athletic complex in a residential area. 

 

Figure 13. Locations of sampling sites with important highways highlighted. The Gulf of Mexico is 

southeast of the sampling locations. The center of the Houston metropolitan area is to the 

west, inside the state highway 610 loop. 

5.2.2. Mass Measurements 

Size- and time-resolved mass was quantified using a beta gauge at the UC Davis 

DELTA Group. The beta gauge uses soft beta rays at an average energy of 67 keV to 

directly measure aerial density on samples presorted by size and time. The instrument’s 

operation is based on the Beers-Lambert law and is similar to the instrument described 

by(Chueinta and Hopke 2001). The minimum detection limit for this study was 0.37 μg 

m
-3

. Filter samples for UFPs were measured using a Cahn C-35 microbalance for three 

consecutive days prior to and post sampling to avoid environment-induced error such as 

relative humidity and temperature. The minimum detection limit for filter samples was 

2.98 μg. Summed mass concentrations for all stages below 2.5 μm were compared to 

TCEQ’s hourly TEOM data as well as daily federal reference method concentrations. All 
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measured values were within ±15% of TCEQ’s measurements, consistent with federal 

reference method standards.  

5.2.3. Optical Attenuation 

Size- and time-resolved samples were analyzed optically using a modified 

integrating plate method (Cowen et al. 1982). Briefly, a deuterium or tungsten-halogen 

light source transmits light through the collected sample to a collimating lens on the 

opposite side, capturing > 90% of the transmitted light. An Ocean Optics USB2000 fiber 

optic spectrometer detects the light in 2,048 channels covering a spectral range of ~200 -

1100 nm. Since the Mylar substrate absorbs light below 350 nm and the lamp intensities 

diminish significantly past 800 nm, only light between these wavelengths is used for 

analysis. Extinction is calculated using the Beers-Lambert law with the subtraction of > 

10 “blanks” (unsampled sections of lightly greased Mylar). The ratio of full source to 

blanks averaged 0.99 ± 0.04. For brevity, all discussion and figures will use the 550 nm 

wavelength, consistent with commercial products. 

5.2.4. Elemental Analysis 

Elemental analyses were performed on all samples using the Advanced Light 

Source (ALS) at Lawrence Berkeley National Laboratory. The DELTA Group’s 

microprobe at ALS uses polarized X-rays with an energy range of 4 keV to 18 keV to 

measure 25 elements from sodium to bromine plus lead. This unfiltered white beam 

consistently obtains near 0.1 ng m
-3

 sensitivity for all measured elements in a 30 second 

analysis time per sample, with an overall analysis time of three hours for the 350 samples 

on each substrate. The accuracy and precision of the DELTA Group SXRF analysis in all 



59 

 

blind inter-comparisons is shown in supporting information, and averaged to 0.984 (Al to 

Fe) and 0.977 (Fe to lead). 

In addition to SXRF analysis, the ultrafine filters were analyzed using dynamic 

reaction cell-quadrupole-inductively coupled plasma-mass spectrometry (DRC-q-ICP-

MS) at the University of Houston. The instrumental parameters and full methods are 

described in supporting information. Briefly, the sample filters were digested with a 

solution of nitric and hydrofluoric acid in a programmable microwave (MARS5, CEM 

Corp.) for 20 min at 200 °C and then redigested with 5% boric acid added to neutralize 

the fluoride. Samples were diluted to varying concentrations, depending on the target 

elements to be measured. A total of 44 elements were analyzed including rare earth 

elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb, Lu, and U). All measured values 

were above the minimum detection limits, shown in supporting information. 

5.2.5. Meteorology 

Hourly meteorological data (wind speed, wind direction, precipitation, 

temperature, and relative humidity) monitored at each sampling location by the TCEQ 

was averaged into two-hour segments to match the DRUM samples. Where applicable, 

gaseous pollutants such as NOX, SO2, and O3 were similarly averaged and compared with 

DRUM samples. 

5.3. Results and Discussion 

5.3.1. Mass and Optical Extinction 

A key feature from this study was the contrast between the regional natures of 

accumulation mode particles versus the more specific source-oriented Aitken mode 

particles. This difference was exemplified using polar plots of optical extinction as a 
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function of wind speed and direction, shown in Figure 14. For both accumulation and 

Aitken size bins, combustion products are the main source of attenuation via absorption 

(Bond et al. 2013). In the Aitken size mode, small fractal aggregates of carbon may be 

interspersed with metallic and organic constituents, whereas the accumulation mode 

particles are typically aged and contain more layers of adsorbed aerosol constituents 

(Seinfeld and Pandis 1998, Sorensen 2001, Sorensen and Feke 1996). In Figure 14, the 

accumulation mode aerosols have similar extinction values from all directions, reflecting 

the prevalent urban haze of combustion-related aerosols. The Clinton Drive site expresses 

an increased accumulation mode extinction trend from the south and southwest, the 

directions of the HSC and the industrial sources along it. The other two sites provide 

limited spatial information and are not useful for inferring source locations. 

Alternatively, the Aitken mode extinction profiles provide significantly more 

spatial information than the accumulation mode. Clinton Drive exhibits the same 

preference for transported ship channel combustion emissions as well as the nearby 

roadways and railways, both of which are heavily used by diesel-powered vehicles. The 

Channelview site reflects the nearby (< 60 m) school bus terminal and bus traffic it 

experiences during weekdays, with some influence along the prevailing wind from the 

southeast where a large petroleum-refining complex is located. The Deer Park site Aitken 

mode extinction consistently peaked during the early evening and weekend time bins. It 

can be inferred that a significant source of elevated extinction in this area is due to light 

absorption from wood smoke during outdoor cooking operations. 

The ratio of optical extinction to mass concentration, referred to as the mass 

extinction coefficient or MEC, represents the efficiency of particles to attenuate light, 
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which is useful for differentiating light absorbing compounds. The size profile of the 

MEC reflects the greater efficiency of light attenuation by particles roughly the same size 

as the input light’s wavelength, as expected by Mie theory (Mie 1908). The shaded region 

in Figure 14 indicates one standard deviation from the mean, which is highest in the 0.26 – 

0.34 μm size bin and contains slightly aged combustion particles (Venkataraman and 

Friedlander 1994). The greater range of MEC values in the finer size bins (< 1 μm) 

enabled temporal events to be significantly more discernible than larger size bins. It is 

also important to note that natural coarse particles typically have an MEC << 1. All 

samples of coarse particles were darkly colored, most likely from soot coatings during 

transport, which increases their light attenuation efficiency (Sorensen 2001). 

Two important conclusions were obtained from the temporal optical patterns from 

all eight size modes: 1) there were few consistent diurnal or weekday/weekend patterns 

and 2) temporal correlations between measured size bins were very limited. The first 

point is consistent with the PM2.5 optical measurements conducted during the extensive 

TRAMP campaign (Wright et al. 2010) where no discernible patterns could be detected. 

Instead, unique anthropogenic plumes were observed at seemingly random times of the 

day and night. Since much of the industrial activity along the HSC operates continuously, 

this is not unexpected. The second conclusion was bolstered by the size- and time-

resolved mass concentrations, where no significant correlations were found between 

measured size bins. The greatest correlations were between the finest size bins ranging 

from 0.56 to 0.09 μm, with Pearson’s R coefficients of 0.82 to 0.83. The greatest 

correlation between coarse size modes was 0.75 at Clinton Drive. Interestingly, a multi-

year analysis of PM2.5 mass concentrations measured at the Clinton Drive site does show 
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diurnal patterns and weekday versus weekend relationships (shown in supporting 

information). This was consistent only with the accumulation mode size bin (2.5 – 1.15 

μm), which contributed 25.7 ± 8.4 percent of the PM2.5 mass in this study. The second 

highest contributor to mass concentration was the Aitken size bin (0.26 – 0.09 μm), 

which contributed 17.7 ± 7.5 percent of fine mass and exhibited both traffic signatures as 

well as random emission events. As these two size bins showed the greatest contrast and 

were the two highest contributors to all measured parameters, they will remain the focus 

of discussion. 

 

Figure 14. Spatially (left) and size (right) resolved optical properties. The polar plots show wind 

speed ranging from 0 km hr
-1

 (center) to 15 km hr
-1

 (outer edge). This combination of 

level plot and polar plot was produced using the openair package in R (Carslaw and 

Ropkins 2012). 
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5.3.2. Elemental Characterization 

Similar to the temporal patterns observed in both mass and optical profiles, 

elemental concentrations reflected seemingly random emission events not associated with 

diurnal patterns along with a disconnect between what was observed in the accumulation 

and the Aitken size modes. As an example, mass concentrations for elements related to 

diesel engine emissions (Zielinska et al. 2008, Zielinska et al. 2003) are shown in Figure 

15 alongside NOX measurements taken by the TCEQ. At Clinton Drive, three 

accumulation mode peaks occur between the morning hours of 6:00 and 10:00 for 

October 11-13, corresponding with regular traffic patterns. These peaks are virtually 

absent in the Aitken size mode; however, NOX levels correlated much more strongly with 

the Aitken mode measurements than the accumulation mode (0.81-0.89 and <0.5, 

respectively). Spatially, Mn, Fe, and Br correlated better in the Aitken mode (r
2
 = 0.94 – 

1.00) than in the accumulation mode (0.45 – 0.84). Interestingly, the accumulation mode 

Mn peaks from all three sites corresponded to wind directions intersecting over a single 

facility along the HSC owned by a manufacturer of methylcyclopentadienyl manganese 

tricarbonyl (MMT), which is a gasoline additive no longer used in the United States due 

to suspected emissions of manganese (Joly et al. 2011). In addition to the inflammatory 

effects of most transition metal inhalation, chronic exposure to Mn has also been shown 

to cause neurotoxic disorders and decreased motor control (Aschner and Aschner 1991). 

Background concentrations of Mn measured over the Atlantic Ocean (Duce et al. 1975) 

for PM2.5 ranged between 0.05 and 5.4 ng m
-3

, while concentrations measured in this 

study ranged between  0.11 to 64.17 ng m
-3

 in the accumulation mode and 0.01 to 25.31 

ng m
-3

 in the Aitken mode. 
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Enrichment factors (EFs) for elements (X) were calculated with respect to 

background elements (Bkgd) in the upper continental crust (UCC)(Wedepohl 1995a) 

using EFX = [X/Bkgd]Sample/[X/Bkgd]UCC. Background elements were chosen by lack of 

peaks and correlation with typical crustal elements (Al, Mg, Ti). In all measured size 

bins, Ti showed consistently low concentrations of ~5 ng m
-3

 and ~0.5 ng m
-3

 for the 

accumulation and Aitken size bins, respectively. The EFs for ultrafine elements were 

explored using Mg, Si, and Ti as background elements since the integrating after-filter 

samples did not have temporal resolution. Although crustal elements are not expected in 

the Aitken and ultrafine size modes due to the coarse nature of resuspended crustal 

material, these elements provided consistently low values as well as enrichment factors 

close to unity, and were therefore interpreted as background signatures. A summary of 

the calculated EFs is shown in Figure 16 and a numerical comparison of anthropogenic 

metal enrichment factors is included in supporting information. 

As can be seen in Figure 16, most elements were more enriched in the Aitken mode 

than in the accumulation mode. Sodium and chlorine were enriched relative to the UCC 

(Na/Cl=50) largely from sea salt in the accumulation mode (Na/Cl of 9.7, 6.5, and 8.4) 

and from anthropogenic emissions in the Aitken mode (Na/Cl of 112.2, 103.3, and 699.1) 

at Clinton Drive, Channelview, and Deer Park, respectively. Arsenic was enriched 2 to 5 

times higher in the Aitken size mode than in the accumulation mode at both Clinton 

Drive and Channelview while copper was enriched between 34 and 110 times in the 

accumulation mode, 31 to 3166 times in the Aitken mode, and 158,150 to 940,100 times 

enriched in the ultrafine size mode. Surprisingly, iron was the least enriched transition 
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metal with respect to Ti in the accumulation and ultrafine size modes, and only 

significantly enriched in the Aitken size mode (17.8 – 187.5 maximum EFs). 

 

Figure 15. Temporal mass concentrations of diesel-related particulate matter. 

 

The highest EFs for Fe occurred at Clinton Drive where a metal recycling facility 

is located 1.6 km to the southwest. Also, ratios of Fe/Cu in the accumulation mode 

appeared typical of road dust samples acquired throughout the city of Houston as well as 

inside a tunnel traveling beneath the HSC (Bozlaker et al. 2014). The mean Fe/Cu values 

ranged (33.4-76.5) were similar to the mean ratio from the nearby tunnel road dust (78.8) 

while the maximums (92.7-650.1) better matched road dusts exposed to the ambient 

environment (168-621). The Aitken mode Fe/Cu ratios, however, were consistently much 

lower and reflected the higher enrichment of Cu than Fe. This may be due to the 
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influence of railway-related sources as the Cu peaks typically occurred as the wind 

passed over nearby rail yards. The Deer Park site typically observed lower concentrations 

of metals than the other sites, which were located closer to industrial sources; however, 

temporal Cu signatures compared with wind directions indicated nearby stoplights as 

being principle locations for Cu enhancement. The intersections are located on roadways 

with moderately high speed limits (64 km hr
-1

) and few stoplights, which usually results 

in rapid braking. These findings have strong implications for exposures to transition 

metal inhalation, as their propensity for genotoxic and neurotoxic damage increases 

sharply as particle size decreases (Karlsson et al. 2009, Oberdorster et al. 2007). 

 

Figure 16. Enrichment factors for accumulation, Aitken, and ultrafine size particles. The 

accumulation and Aitken modes used Ti as the reference element while the ultrafine 

mode used Mg, Si, and Ti as reference elements. 
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Greater variation for both concentrations and enrichment factors was observed in 

the Aitken size mode rather than in the accumulation mode. This was due to frequent, 

very short events lasting 2 – 6 hours, with a large majority only lasting 2 hours (1 sample) 

at its peak. These events were anthropogenic in nature, as no correlations were observed 

between Aitken mode transition metal and crustal elements mass concentrations. Few of 

these events were reported in the TCEQ emissions reporting database, and the majority of 

those that were did not report PM release. The Aitken size mode metals also had a larger 

contribution to modal mass than expected (16.5 ± 9.0 %) with a maximum contribution 

of 64.6 %. The mean mass concentrations at Clinton Drive show the Aitken mode 

dominated by Na and S an order of magnitude greater than any other element monitored. 

However, since the time-series profiles of Houston PM express more short-term emission 

events, the maximum concentrations were also compared. Transition metals peak 

concentrations were 8.9 to 81.2 times higher than their mean concentrations.  Fe, Cu, and 

Zn rose much higher in the mass rankings with peak concentrations of 159.1, 412.3, and 

266.6 ng m
-3

, respectively. Similar levels of Aitken mode transition metals have been 

found in California’s central valley where ischemic heart disease was correlated with 

Aitken mode metal concentrations (Cahill et al. 2011b). These findings support the need 

for time-resolved elemental samples to be able to determine acute exposures to 

anthropogenic metals in urban/industrial environments. 

The Aitken size mode proved better at detecting anthropogenic emissions, 

especially during short durations, as the background levels were usually one to two orders 

of magnitude lower than peak concentrations. Long time-averaged values (24-hr) were 

not useful as the detected plumes lasted between 2-6 hours, since many were detected as 
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the wind shifted direction; therefore 24-hr averages would dampen the signal from said 

events and disallow accurate determination of source direction. As an example, five 

distinct peaks of residual oil fuel plumes were detected using elemental tracers S, V, and 

Ni (Kitto 1993) at the Deer Park site. Three of the five events occurred during daylight 

hours (7:00-18:00), while the other two occurred in the early mornings at 1:00 and 5:00. 

Residual fuel oil is currently used by marine vessels and has been identified as an 

important air pollutant with regards to human health (Chen and Lippmann 2009)  and 

climate change (Moldanova et al. 2009). In Figure 5, time series plots of meteorology, 

TCEQ gaseous and PM2.5 concentrations, and measured trace element concentrations 

depict the events that occurred during October 16
th

. The morning S peak shown in Figure 

3 occurred when the wind was coming from 74.3°, the direction of a sulfuric acid 

regeneration facility 9.3 km away. The second S peak, which was observed in the 

accumulation mode, was carried by a fresh air mass (-Log10[NOX\NOy]=0.02 

corresponding to ~0.4 hr) from the southwest (245°). The wind speed, wind direction, 

and approximate photochemical age indicate the plume originated from a municipal 

wastewater treatment facility 1.5 km away. The third S peak overlapped the elevated 

concentrations of V and Ni, which lasted approximately 2 hours. In all five instances, the 

Aitken mode concentrations was elevated for a brief time (2 - 4 hours), then returned to 

background levels < 1 ng m
-3

 for Ni and V and ~150 ng m
-3

 for S. Importantly, no 

changes from background levels were observed in the accumulation mode concentrations 

for these elements during the emission events. The three events with wind directions 

coming from the southeast (Texas City terminals) had Ni/V ratios close to unity (1.08-

1.47) while the other two events, including the event depicted in Figure 17, originated from 
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the HSC to the north of the Deer Park site and had Ni/V ratios of 2.21 and 2.66, similar to 

emissions measured near the New York harbor (Peltier and Lippmann 2010). The 

important point to note is that marine vessel emissions were detectable in the middle of a 

residential area, more than 6 km away from their source, but only with size- and time-

resolved analyses. 

 

Figure 17. Time-series plots describing three distinct plumes measured at Deer Park in one 24 hr 

period. 

5.3.3. Ultrafine Particles Characterization 

The agreement between SXRF and DRC-q-ICP-MS analyses for UFPs is shown 

in the inset of Figure 18. The linear regression gave a slope of 1.06 and a correlation 

coefficient of 0.98, indicating good precision between the two methods. The addition of 
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heavier elements such as Sn, Sb, Cd, and lanthanoids from DRC-q-ICP-MS bolstered 

interpretation of the ultrafine trace elements. The total mass contribution of all measured 

elements was surprisingly highest at Deer Park (36.8 %), while Clinton Drive and 

Channelview had more influence from organic and carbonaceous particles (14.3 and 18.0 

% elemental contribution). The light elements Na, Mg, Al, Si, K, and Ca provided 

approximately half of total elemental mass for Clinton Drive (46.1%) and Deer Park 

(54.3%). Elemental mass at Channelview was dominated by S, Na, and Pb. Elemental 

ratios of elements Fe, Cu, Sn, Sb, Cd, and Pb reflected the Fe and Cu ratios observed in 

the Aitken mode and described in (Spada et al. 2012), indicating similar anthropogenic 

influence on both the road dusts and airborne UFPs. The Cu/Sn ratios for Clinton Drive 

and Deer Park were 0.50 and 0.36, respectively, similar to the road dust range of 0.28-

5.40.  The Channelview Cu/Sn ratio was 5.92, closer to the 6.50 ratio for PM2.5 observed 

inside the nearby Washburn tunnel (Bozlaker et al. 2014). The Sn/Sb ratios were low at 

Channelview (2.1) but much higher (28.2 and 33.6) at Clinton Drive and Deer Park, 

respectively. These ratios were more similar to those observed in the tunnel road dusts 

(3.0-58.8) than in the tunnel PM2.5 samples (0.95) (Spada et al. 2012). Cu, Sn, and Sb are 

associated with heavy vehicle braking as they are included in brake pads for wear 

resistance (Furuta et al. 2005). These vehicular metals have been shown to contribute to 

inflammatory, coagulatory, and cardiac response in healthy adult males (Riediker et al. 

2004) and as discussed earlier, are often elevated near roadways with abrupt changes in 

speed (Cahill et al. 2009). 

The presence of petroleum refining influence was determined by ordering of 

lanthanoid elements as described by (Kulkarni et al. 2007). Both Clinton Drive and Deer 
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Park showed sequencing of La>Ce>Nd>Sm>Pr>Gd>Dy, whereas (Kulkarni et al. 2007) 

found Sm to be sixth in the ordering for PM2.5 samples collected during a petroleum 

refining emission event. Channelview differed in that Sm was second behind La, with the 

ordering of La>Sm>Nd>Ce>Pr>Gd>Dy. The Sm concentration at all three sites was very 

similar (35.5 ± 0.96 pg m
-3

) with sequential elements differing by < 10 pg m
-3

. 

Additionally, La was consistently enriched with respect to Ce, with La/Ce ratios of 4.42, 

11.52, and 16.69 for Clinton Drive, Channelview, and Deer Park, respectively. For 

perspective, the crustal La/Ce ratio is 0.5 while spent fluid catalytic cracking emissions 

are reported as 13.01 (Kulkarni et al. 2007). The La/V ratios for Clinton Drive and Deer 

Park were similar to the crustal value of 0.31, although both metals were enhanced to 

similar levels with respect to typically crustal elements Mg, Al, and Ti. Channelview’s 

La/V ratio was very low (0.09), indicating large enrichment of V; possibly from nearby 

petroleum refining and shipping activities. It is important to note that these UFP 

measurements were integrated throughout the entire sampling period and represent the 

average levels of trace elements, not peak events as observed in the temporally resolved 

stages.  

This study presented optical and elemental characterizations focusing on the 

accumulation, Aitken, and ultrafine size modes. Temporal and spatial profiles identified 

differing source types and locations within 24-hour periods and between the measured 

size modes. These data support the argument for regulatory agencies to seek higher 

resolution sampling campaigns when attempting to determine anthropogenic sources in 

complex, industrialized environments. 
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Figure 18. Combined trace element mass concentrations from both SXRF and DRC-q-ICP-MS 

analyses. 

 

Additionally, both the health effects and respirability of transition metals are 

significantly different depending on the particle size. Consistent with arguments by other 

authors (Lippmann 2009, Oberdorster et al. 2007), exposure and risk assessments should 

employ higher resolution sampling methods for more accurate determinations. The size- 

and time-resolution of DRUM-style impactors has been shown to be capable of providing 

accurate and precise information in this and other recent studies (Cahill et al. 2011b, 

Cahill et al. 2011c). The effectiveness of DRUM methods compared to conventional filter 

protocols makes it more suitable for mathematical source identification and elemental 

cluster methods, such as principal components analysis and positive matrix factorization, 
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as these require large sample numbers. Time-resolved UFP elemental analysis is unique 

to the 9
th

 stage system recently developed by the DELTA group(Cahill et al. 2011b) and 

will be employed in future studies in Houston and other industrialized urban 

environments to gain a better understanding of their sources and contributions to acute 

exposures.  
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6. Conclusions 

A great deal was learned in pursuing this doctoral research, but many more 

questions were generated. For the optical analysis, calibrations using various non-

absorbing salts and carbon successfully quantified my optical device’s sensitivity to 

optical scattering and absorption. It also uncovered an effect that had only been of slight 

notice from mass and elemental analyses, yet astoundingly prominent in optical analysis. 

The PGEs measured in the Washburn Tunnel illustrated the divergence of current 

autocatalyst metal signatures from historical standards and European studies. Now we 

must determine how prevalent these metals are in the urban environment, how far they 

travel from roadways, and how they impact nearby residents. Opening the doors to SXRF 

data processing was the first step in a long journey to understand the full elemental 

characterization of PM. These methods must now be extended to heavier elements 

including rare earth elements and PGEs. The Houston area has proven to be a highly 

complicated environment with emission plumes occurring in specific size modes in very 

limited time spans. A great deal of research will be required to comprehensively 

understand the impacts of metallic PM in Houston and other industrialized urban areas. 

6.1. Current and Future Research 

A great deal of information was gathered using these developed methods and much of 

it remains unpublished at this time. For perspective, each sample collected by the DRUM 

impactor had 168 individual values associated with it, including mass, optical, and 

elemental characteristics. More than 7,900 samples were collected between the Washburn 

tunnel and ship channel sampling campaigns. The plans for continuing interpretation and 

dissemination of findings are described below. 
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6.1.1. Optical Properties of PM 

Additional calibration experiments using resuspended materials are planned for 

the optical system. Carbonaceous species express light attenuation differently depending 

on morphology, chemical composition, and size. Discourse with Prof. Sorenson (a 

notable figure in the field of PM optics) inspired several methods for generating 

representative light absorbing compounds in the laboratory that can be introduced into a 

DRUM sampler in-line. These experiments will take place this summer. Additionally, 

investigations into the possible deagglomeration anomaly for particles between 0.56 and 

0.75 µm are currently underway with collaborators at the University of Alaska Fairbanks. 

Particles of known sizes will be collected via impaction with a DRUM sampler as well as 

passively in order to compare morphologies under scanning electron microscopy. 

Particles of differing chemistry will be explored to attempt to unify theoretical cohesion 

forces and impact energies. Depending on the results of these studies, one or more 

publications may be produced. 

An additional optics-based study was initiated after exposure to remote-sensing 

techniques in Prof. Robert Talbot’s “Aerosols and Climate” course and was fostered in 

Prof. Hyongki Lee’s “Engineering Geographical Information Systems” course. Data from 

NASA’s Earth Observing Satellites offers vast amounts of optical data in the form of 

aerosol optical depth (AOD). Current research attempts to relate the remotely-sensed 

AOD values to ground-level PM2.5 mass concentrations, since the AOD is the product of 

particle mass concentrations and their associated mass specific extinction coefficient. 

Investigation of this technique that incorporated land use in a multiple linear regression 

analysis yielded recoveries from control sites with a maximum accuracy of ~70% during 
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the summer. Greater accuracy is expected after more intense pixel-based interpolation 

techniques are employed. A description of this study is detailed in Appendix A1.3. 

6.1.2. Elemental Analyses 

During the Washburn Tunnel airborne sampling campaign, DRUM samples were 

collected in 3 hr time bins and analyzed for mass concentration, optical attenuation, and 

elemental concentration. Unlike the samples described in chapter 5, the Washburn Tunnel 

DRUM samples were analyzed at Stanford’s synchrotron radiation laboratory, a branch 

of their linear accelerator facility. With nearly twice the energy range of Berkeley’s ALS, 

it is possible to accurately measure every element from sodium to uranium. Calibrations 

of that analysis are currently being calculated and, when completed, will enable the first 

size- and time-resolved measurements of PGEs ever reported. 

The Houston ship channel study described in chapter 5 presented a 2-week 

segment of Houston’s ambient PM signatures. After this study, samples were collected  at 

the Clinton Drive site in 3 hr time bins for approximately one year along with a 1.5 week 

sampling segment in Spring, Texas ~20 miles north of Houston. These samples will be 

analyzed for mass and optical attenuation in May. They will be compared with collocated 

size-resolved mass and organic compounds analyzed by a collaborator at the University 

of Texas School of Public Health to better understand the interactions between organic 

compounds and optical attenuation near the Houston ship channel. 

An additional study employing the work described in chapter 5 as well as a 

method developed (Appendix A2.3) to analyze metal concentrations in whole blood and 

saliva samples was unfortunately halted due to an uncharacteristically long delay from 

UH’s institutional review board. Thirty volunteers from a school in Galena Park located 
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at the center of the Houston ship channel sampling array volunteered to provide saliva 

and whole blood samples to trained representatives from the Gulf Coast Blood Center. 

Metals content would be measured using DRC-q-ICP-MS and compared with the 

ambient concentrations. The goal was to relate transition metal concentrations in bodily 

fluids with their size-resolved profiles in ambient air. This project may be renewed 

dependent on interest from medical collaborators both in Houston and UC Davis. The 

method was validated using Seronorm level 2 whole blood certified samples along with 

spiked synthetic solutions of whole blood and saliva. 
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A1. Appendix 1. Optical Properties of PM 

A1.1 Supplemental Information from AS&T Manuscript 

A1.1.1 Scattering Calibration 

 Scattering calibration was conducted by comparing attenuation from multiple 

non-absorbing salts at different mass loadings to theoretical predictions. Salts used 

included Baker 99.8% NaCl, Alessi non-iodized coarse sea salt, and Morton iodized table 

salt. Salts were mechanically ground in a cleaned ceramic mortar prior to sampling so 

that different size modes could be observed. Samples were then collected by an 8 stage 

DRUM-style cascading impactor with lower cut points at 5.0, 2.5, 1.15, 0.75, 0.56, 0.34, 

0.26 and 0.09 µm. The inlet was equipped with Nylon tubing (7 mm inner diameter) 

wrapped in two 46 cm loops, which helped remove larger particles from entering the 

sampler. 

 The Mie theory prediction was calculated using the extinction efficiency, Qext, 

with the method for evaluating the necessary coefficients as described by (Harrison et al. 

2010) and (Hays et al. 2011b). Briefly, Qext is a function of the index of refraction as well 

as the size parameter; usually α but sometimes x. To avoid confusion with the Ångström 

exponents, x was used: 
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Since m is dependent on the chemistry of the particle and the wavelength of incident 

light, Qext can only be predicted for known particles. For non-absorbing particles, k is 

negligibly small and typical n values vary between 1 and 2. The parameters an and bn are 

shown below: 

 

   
   

             
         

   
             

         
   

 

(8) 

 

   
   

             
         

   
             

         
      

 

(9) 

 

      (10) 

 

The functions       and       are Ricatti – Bessel functions: 
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To our knowledge, most calculations of Qext have been computed using either the BHMIE 

algorithm given by (Ihalainen et al. 2012), or a version translated into another 

programming language. Although the original FORTRAN program has been tested the 

most, the Visual Basic conversion (MiePlot by Philip Laven) was used for the present 
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work due to greater functionality and no emulation was required. In this way, Qext was 

modeled for NaCl, Cu, Au, and Ag particles. For NaCl, Qext was considered equivalent to 

Qscat. Eext was calculated from the metallic particle models and the size-resolved profile 

was compared to that from the Clinton Drive environmental samples (shown in Figure 

19), which yielded excellent correlation (R
2
 = 0.974).  

The other important factor to determine for scattering calibration was the 

dependence on wavelength. Since the DRUM size-segregates samples prior to analysis, 

wavelength dependence was expected to be minimized. Variations of τext as a function of 

wavelength are shown in Figure 20. Four representative peaks were identified in each 

size mode and compared from 400 to 800 nm wavelengths (n=205). The Ångström 

extinction exponent, αext, was used to designate dependence. It is important to recall that 

αext is logarithmic, thus a value of 0 indicates a slope of 1. As clearly indicated in Figure 

20, there was little dependence on wavelength for all size modes. Although any 

wavelength between 400 and 800 nm could be used, λ = 550 nm was chosen for 

calculating the Escat parameter in automated algorithms to be consistent with peer-

reviewed literature and commercial instruments. 
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Figure 19. Specific extinction area as a function of particle size. 
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Figure 20. Wavelength dependence of the IF system for each size mode 
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A1.2 Optics Analysis Programming 

A1.2.1 Instrument Usage 

 The LabVIEW code I wrote for the optical measurement device serves three 

functions: 1) operation of motors to linearly translate samples between the light source 

and detection lens, 2) collect data from the Ocean Optics USB2000+ spectrometer, and 3) 

output data into useful file formats. Showing images of each layer of the program would 

take many pages and is not absolutely necessary for recreating the device. Instead, the 

operating procedures are included below to indicate the functions of the program. 

Additionally, and possibly more importantly, the visual basic script is provided to 

calculate optical extinction from the raw intensity counts. 

Optics Bench General Procedures 

5/16/2013 

 

1. Login using “deltauser” login info and open Domes 3-5-2 from the shortcut on the 

desktop 

 

2. Turn on light source, allow lamp to warm up >30 minutes before run. For now, only 

turn on the deuterium lamp. 

 

3. Run the LabVIEW program by clicking on the “Run” arrow at the top left of the 

screen. Enter study information into the appropriate fields.  If running a full set of 8 

slides, set to 8-DRUM, which will automatically propagate the information for 8 

slides in the “Frames” list.  Make sure to check their frame IDs match the frames. 

 

4. Set the light source option to the appropriate option, halogen or deuterium. For now, 

all runs will use the deuterium lamp. 

 

5. Set integration time. The time should allow for maximum readings without saturating 

the detector.   

  

  5a. Enter “Scope Mode” and place one frame (any of the set you are going to run) 

into the bench, beneath the lamp so that blank Mylar is in between the source and 

the lens. 

  5b. Adjust the integration to allow for the most detailed measurements without 

saturation (some small peaks can saturate, especially at 658 nm, these are removed 

prior to analysis). Saturation occurs when any part of the curve is above 4000 cts. 

Increasing the integration time will move the curve up along the vertical axis. 
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Check that the curve is always within view on the scale for the entire slide by 

moving it from one end to the other underneath the lamp. 

  5c.When the integration time has been maximized hit “Set Integration Time” and 

exit “Scope Mode”. 

  5d. The integration time can be set without “Scope Mode” if it is already known. 

 

6. Place slides in slot in order according to the “Frames” list. The frame listed first 

should be placed in the slot first, with the writing facing upward. Place weight on top 

of slides. It is better to place the larger size modes first, i.e. stage 1 then 2 then 3 . . . 

 

7. After double checking that all information is correct, select “Run”.   

 

8. As the slides exit the track, mark them in the center with a green marker and place 

them back into their box. 

 

9. Once all the slides have been run and there are no more sets to be measured, turn off 

the Halogen/Deuterium lamp.  Keep the power on for ~5 minutes to continue cooling 

the lamps, then turn off. 

 

10. The data from the run should be uploaded to the terminal server via flash drive in the 

\\DELTAGroup\Optics folder. 

 

11. When finished, log out of computer and properly store slides. 

 

A1.2.2 Visual Basic Code for Optics Data Processing 

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' 

' DOMES Data Processing Program                                                                 ' 

' Created By: Nicholas Spada                                                                     ' 

' Created: March 4, 2013                                                                         ' 

' Last Modified: March 12, 2013                                                                 ' 

' Purpose: To convert DOMES LabVIEW output files into condensed excel file format for future  ' 

'          processing. Processed data can be imported into MS Access, MicroCal Origin, etc.   ' 

'          or left in Excel for data manipulation, chart generation.                            ' 

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' 

 

' This function is used to select the working directory, since it's a pain to type it in. 

' Modified from 

' http://www.mrexcel.com/forum/excel-questions/294728-browse-folder-visual-basic- 

' applications.html 

 

Function GetFolder(strPath As String) As String 

Dim fldr As FileDialog 

Dim sItem As String 

Set fldr = Application.FileDialog(msoFileDialogFolderPicker) 

With fldr 

.Title = "Select a Folder" 

.AllowMultiSelect = False 

.InitialFileName = strPath 

If .Show <> -1 Then GoTo NextCode 

sItem = .SelectedItems(1) 

End With 

NextCode: 

file://DELTAGroup/Optics
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GetFolder = sItem 

Set fldr = Nothing 

End Function 

 

Sub FolderSelect() 

 

    ' Introduce MyPath as a global variable to be used 

    Dim MyPath As String 

 

    ' Use the GetFolder Function to select working path. 

    MyPath = GetFolder("F:\DELTA\Optics\Salt") 

     

    ' Update value in cell B4 

    Range("B4").Select 

    ActiveCell.Value = MyPath 

 

End Sub 

Sub Raw() 

    ' This subroutine prepares the sheet for data insertion and collects raw data. I've included 

    ' it so that we can easily change some basic parameters. For now, we are collecting every 

    ' 10th wavelength and separating frame data by stage number and position number. 

     

    'Introduce variables 

    Dim MyPath As String, FullPath As String, MyFile As String, i As Integer 

     

    Application.ScreenUpdating = False                  'Reduces run-time 

     

    ' Get path to folder where files are contained and assign MyFile variable. 

    

    MyPath = Worksheets("Info").Cells(4, "B").Value 

    FullPath = MyPath & "\DeutLamp\" 

    MyFile = Dir(FullPath) 

    PData = MyPath + "\DeutProcessedData" 

     

    ' Rename processing file 

    ActiveWorkbook.SaveAs filename:=PData, FileFormat:=xlOpenXMLWorkbookMacroEnabled, _ 

        CreateBackup:=False 

         

    ' Timestamp start 

    Range("B58").Select 

    ActiveCell.Value = DateTime.Now 

         

    ' Get intensity data from all files in list 

    Do While MyFile <> "" 

        i = i + 1                                   ' Increment variable i to put data into next row 

        ' Open workbooks one at a time 

        Workbooks.OpenText filename:=FullPath & MyFile, _ 

            Origin:=437, StartRow:=1, DataType:=xlDelimited, TextQualifier:= _ 

            xlDoubleQuote, ConsecutiveDelimiter:=False, Tab:=True, Semicolon:=False, _ 

            Comma:=False, Space:=False, Other:=False, FieldInfo:=Array(1, 1), _ 

            TrailingMinusNumbers:=True 

         

        ' Get position name using MID and CELL formulas. The CELL formula will give the entire 

        'filename, including path. The MID function trims that string into just the filename 

        'so that we can use it for positioning as well as separating out the lamp files. The 

        'MID function's inputs are MID(string, start number, number of characters). For the 

        'deuterium lamp files, start is 31 and subtracts 34. For the halogen lamp, start is 

        '30 and subtracts 33. 

        Range("B1").Select 

        ActiveCell.FormulaR1C1 = 

"=MID(CELL(""filename""),SEARCH(""m"",CELL(""filename""))+3,LEN(CELL(""filename""))-

(SEARCH(""m"",CELL(""filename""))+2)-9)" 
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        Range("C1").Select 

        ActiveCell.FormulaR1C1 = "=MID(CELL(""filename""),LEN(CELL(""filename""))-7,4)" 

         

        'First Intensity 

        Range("D1").Select 

        ActiveCell.FormulaR1C1 = "=R[443]C[-2]" 

        Range("E1").Select 

         

        'Fill in every tenth value 

        ActiveCell.FormulaR1C1 = "=OFFSET(R[443]C2,10*COLUMN(R1C[-4]),0)" 

        Range("E1").Select 

        Selection.AutoFill Destination:=Range("E1:EB1"), Type:=xlFillDefault 

        Range("B1:EB1").Select 

        Selection.Copy 

         

        'Activate processing file 

        Windows("DeutProcessedData").Activate               'Go to processing file 

        Sheets("RawData").Select 

        Worksheets("RawData").Cells(i + 1, 1).Select 

        Selection.PasteSpecial Paste:=xlPasteValuesAndNumberFormats, Operation:= _ 

        xlNone, SkipBlanks:=False, Transpose:=False 

         

        'Go back to raw data file and close 

        Windows(MyFile).Activate 

        Application.CutCopyMode = False 

        ActiveWindow.Close savechanges:=False 

        MyFile = Dir() 

    Loop 

     

    ' Timestamp Stop 

    Sheets("Info").Select 

    Range("B59").Select 

    ActiveCell.Value = DateTime.Now 

     

End Sub 

Sub PostProcessing() 

     

    ' After the raw data has been obtained, various processes should be performed. The current 

    ' program will separate the raw data by stage, then extract the lamp, reference, and dark 

    ' data points. Below the raw data, extinction is then calculated for all available 

    ' wavelengths. 

     

    ' Assign stage sheets as string variables 

    Dim Stages(0 To 7) As String, lngPosition As Long 

     

    Stages(0) = "Stg1" 

    Stages(1) = "Stg2" 

    Stages(2) = "Stg3" 

    Stages(3) = "Stg4" 

    Stages(4) = "Stg5" 

    Stages(5) = "Stg6" 

    Stages(6) = "Stg7" 

    Stages(7) = "Stg8" 

     

    Application.ScreenUpdating = False                  'Reduces run-time 

    Application.CutCopyMode = False 

     

    ' Timestamp Start 

    Range("B62").Select 

    ActiveCell.Value = DateTime.Now 

     

    ' This for loop extracts the data for each stage and inputs it into the appropriate folder 
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    For lngPosition = LBound(Stages) To UBound(Stages) 

        Sheets(Stages).Select 

         

        ' Gets the intensity data from the sheet "RawData" 

        Range("A3").Select 

        ActiveCell.Formula = "=OFFSET(RawData!B2,386*($C$1-1),0)" 

        Range("A3").Select 

        Selection.AutoFill Destination:=Range("A3:DZ3"), Type:=xlFillDefault 

        Range("A3:DZ3").Select 

        Selection.AutoFill Destination:=Range("A3:DZ388"), Type:=xlFillDefault 

         

        ' Get lamp data 

        Range("A392").Select 

        ActiveCell.Formula = "=OFFSET(RawData!B3090,2*($C$1-1),0)" 

        Range("A392").Select 

        Selection.AutoFill Destination:=Range("A392:DZ392"), Type:=xlFillDefault 

        Range("A392:DZ392").Select 

        Selection.AutoFill Destination:=Range("A392:DZ393"), Type:=xlFillDefault 

         

        ' Get dark values, 10 smallest intensity values 

        Range("B399").Select 

        ActiveCell.Formula = "=SMALL(B$3:B$388,$A399)" 

        Range("B399").Select 

        Selection.AutoFill Destination:=Range("B399:DZ399"), Type:=xlFillDefault 

        Range("B399:DZ399").Select 

        Selection.AutoFill Destination:=Range("B399:DZ408"), Type:=xlFillDefault 

         

        ' Get ref values, 10 largest intensity values 

        Range("B414").Select 

        ActiveCell.Formula = "=LARGE(B$3:B$388,$A414)" 

        Range("B414").Select 

        Selection.AutoFill Destination:=Range("B414:DZ414"), Type:=xlFillDefault 

        Range("B414:DZ414").Select 

        Selection.AutoFill Destination:=Range("B414:DZ423"), Type:=xlFillDefault 

         

        ' Calculate extinction using the Beer-Lambert Law 

        ' sigma a = sample area / air volume sampled * ln [(I - I dark) / (I ref - I dark)] 

         

        ' Get Positions 

        Range("A429").Select 

        ActiveCell.Formula = "=A3" 

        Range("A429").Select 

        Selection.AutoFill Destination:=Range("A429:A814"), Type:=xlFillDefault 

         

        ' Calculate extinction 

        Range("B429").Select 

        ActiveCell.Formula = "=-INFO!$E$19*LN((B3-B$409)/(B$424-B$409))" 

        Range("B429").Select 

        Selection.AutoFill Destination:=Range("B429:DZ429"), Type:=xlFillDefault 

        Range("B429:DZ429").Select 

        Selection.AutoFill Destination:=Range("B429:DZ814"), Type:=xlFillDefault 

         

        Range("A1").Select                  ' Select top of sheet 

        ActiveSheet.Select                  ' Select individual sheet so sheets aren't grouped 

         

    Next lngPosition 

 

    ' Timestamp Stop 

    Sheets("Info").Select 

    Range("B63").Select 

    ActiveCell.Value = DateTime.Now 
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End Sub 

A1.3 Remote-Sensing – Method 
 

Combining Remote-Sensing with In-Situ Particulate Matter Concentrations: 

Determining Effectiveness of Air Pollution Monitoring Site Locations with GIS 

Nicholas Spada 

CIVE 7342, Fall 2013 

A1.3.1 Introduction and Objectives 

Since the introduction of clean air legislation in developed countries across the 

world in the mid-20
th

 century (Brimblecombe 1987), monitoring of particulate matter 

(PM) concentrations has been a cornerstone in the struggle against atmospheric pollution. 

Large networks such as IMPROVE (US), EEA (Europe), and EANET (East Asia) 

currently operate hundreds of monitoring stations across major continental areas 

providing up-to-date air quality data free for public access (Malm 2000). Such networks 

have provided air quality professionals with powerful tools to assess air pollutant sources 

and relate concentrations to other measurable effects, such as hospitalizations and 

mortality (Schwartz et al. 1996). The bane of all in situ measurements, however, is the 

balance between coverage and available resources. Although these agencies attempt to 

cover as many high priority sites as possible, inevitably some areas are left unmonitored, 

as can be seen in Figure 21. Interpolation is often necessary but adds error due to the high 

sensitivity of air pollution to local sources and sinks. Therefore, an additional method of 

monitoring is needed. 
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Figure 21. Interpolated (Kriging) emissions estimates from the National Emissions Inventory for 

Texas with TCEQ monitoring site locations. Note the lack of monitoring performed near 

the highest emissions. 

 

Figure 22. Interpolated (Kriging) population in Texas alongside TCEQ monitoring stations. A prime 

directive for environmental regulatory agencies is to protect human life, ergo, monitoring 

the most densely populated regions is to be expected. Monitoring may be following this 

logic. 

Remote sensing offers to be an effective tool for monitoring large areas. The 

National Aeronautical and Space Administration (NASA) has deployed a series of polar 

orbiting satellites equipped with various instruments for measuring atmospheric and 

surface characteristics. One of these instruments, the moderate resolution imaging 

spectrometer (MODIS), records 36 spectral bands ranging from 0.4 to 14.4 µm. The data 

output is a 10x10 km pixel array. Raw data up to level 2 data products (data that has 
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undergone some level of quality assurance processing) is freely available to the public. 

Recently, there has been a surge in research relating the aerosol optical depth (AOD) 

measured by MODIS with ground level PM2.5 concentrations (Alastuey et al. 2006, 

Scarnato et al. 2013). Technically speaking, a purely optical AOD measurement cannot 

be used to measure mass concentrations of aerosols. The AOD is linearly dependent on 

mass concentration but also on the scattering and absorption efficiencies of the aerosols 

being measured (Seinfeld and Pandis 1998). Therefore, researchers have relied on a 

“calibration” using the in situ networks and using assumptions to account for variations. 

For example, the average scattering efficiency of desert dust will be different from darker 

urban dusts (Alastuey et al. 2006). Thus, land use terms have come into use in regression 

models, along with meteorology, known stationary emission sources, and roadway 

characteristics. As mentioned before, the usage of MODIS data for predicting PM2.5 

concentrations is still new and requires investigation in a variety of locations and 

environments. 

 Texas is a desirable location to perform such a study for multiple reasons. It is the 

second largest state in both area and population in the United States with the fifth largest 

budget ($99.3 billion) according to the 2010 census. The state has a variety of 

environments from the dry deserts in the west to the grassy plains in the north to the hilly 

forests of the east, thus enabling observations of different environments but with 

consistent monitoring protocols. Most importantly, Texas supports one of the most 

extensive state-run air quality monitoring networks in the country, with over 400 sites 

reporting data since the mid-1990s. Even with such a large network, an even larger state 
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still has regions of unmonitored land. Incorporating remote-sensed MODIS data into 

TCEQ’s in situ network may be the solution for cost-effective regulatory monitoring. 

The objectives of this investigation are to explore the difficulties associated with a 

multi-linear regression approach to relating MODIS satellite data with ground-based 

PM2.5 concentrations. Approximately six weeks of daily data were analyzed for each 

season to determine temporal dependencies. Fifty four TCEQ monitoring sites from 

across the entire state met the requirements for consistent PM2.5 concentration data 

throughout the study period. The overarching goal of this project is to develop skills in 

both geoprocessing of GIS datasets as well as gaining understanding of the capabilities 

and limitations of remote-sensing. The knowledge acquired will be of great use in my 

career as an air quality scientist. 

A1.3.2 Methods – Data Collection and Processing 

A1.3.2.1. In Situ PM2.5 Data 

Ground level PM2.5 data was collected from TCEQ monitoring stations. Hourly 

concentration values are available through their website (http://www.tceq.texas.gov/cgi-

bin/compliance/monops/select_year.pl) along with any other measurements made at the 

site (gas phase concentrations, meteorology, etc.). In order to obtain the data in an 

expeditious fashion, a “web scrape” was utilized to control the website, navigate to the 

desired information using the website’s forms and controls, read the resulting data page 

and extract the useful information. The programming language Python was used due to 

familiarity and ease of use. Open source modules Mechanize and BeautifulSoup enabled 

browser control and html parsing. In order to manage the data and prepare for 

http://www.tceq.texas.gov/cgi-bin/compliance/monops/select_year.pl
http://www.tceq.texas.gov/cgi-bin/compliance/monops/select_year.pl


113 

 

manipulation into a recognizable form for ArcGIS, a proprietary set of Python tools 

integrated into MS Excel developed by MIT students called DataNitro was used. 

 Once the TCEQ data was collected, hourly data was averaged into daily means. 

The means were relocated to columns associated with rows for each monitoring site. Sites 

were keyed by the TCEQ CAMS number and locations based on Universal Transverse 

Mercator projection were assigned, in decimal degrees. To match with remote-sensed 

data, the dataset was reduced to only days that had both sets of values.  

A1.3.2.2. Remote-Sensed AOD Data 

 MODIS data was acquired through the Level 1 and Atmospheric Archive and 

Distribution System (LAADS) in hierarchal data format (HDF) files. These were 

converted to GeoTIFF files using NASA’s HEG converter software on a Linux (Ubuntu 

distribution) platform. Linux was used so that shell scripts could be used for automation; 

note that this was not feasible using MS Windows. The conversion process preserves one 

layer of the original HDF format, therefore the corrected AOD for land and ocean was 

selected and preserved. 

The resulting GeoTIFF files underwent a series of geoprocessing steps before the 

data could be extracted to each location of interest. Each step was investigated in the 

ArcMap interface and once the total process was decided upon, the algorithm was coded 

into Python using arcpy functions and performed for all raster data. Performing these 

operations outside of the ArcMap interface saves a significant amount of time and 

enables more streamlining than the Model Builder tool. First, rasters were mosaicked 

according to dates of acquisition. Then, to reduce wasteful memory usage, mosaicked 

rasters were masked and extracted to the shape of Texas. Next, the null values (labeled “-
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9999”) were removed using the Con tool, which searches for specified values and 

replaces them with another specified value. In this case, -9999 values were replaced with 

GIS null values to avoid erroneous calculations. At this point, AOD values were 

extracted to site locations directly in one dataset, then converted to points, interpolated 

with inverse distance weighting (IDW), and extracted to site locations in a different 

dataset. This was done to compare the effect of interpolation on the overall regression 

analysis. Raw AOD values will be more accurate, but sparse. Interpolated values will 

contribute error but provide significantly more data for regression analysis and 

subsequently prediction of PM2.5 concentrations from AOD. 

A1.3.2.3. Meteorological Data 

 Daily mean values for temperature, wind speed, visibility, and humidity were 

collected from Weather Underground (www.wunderground.com). All meteorological 

data was processed into a CSV file with their associated locations of monitoring and 

imported into ArcMap as a point feature class. Then, IDW rasters were created for each 

parameter for each day in the study, and directly extracted to the TCEQ monitoring site 

locations. 

Humidity was not included in the regression analysis of (Scarnato et al. 2013); 

however, humidity plays a significant role in particle agglomeration and optical 

attenuation efficiency. Sea salt, which is the most abundant aerosol in the world, is highly 

susceptible to morphological changes in the presence of moisture. Salt particles will be 

either cubic agglomerates in dry air or spherical particles in moist air, significantly 

altering light scattering potential. Therefore, humidity was included in this study’s 

regression modeling.  

http://www.wunderground.com/
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A1.3.2.4. Non-Temporal Parameters 

 Elevation was acquired from the National elevation dataset, provided by the U.S. 

Geological Survey (USGS, http://ned.usgs.gov/). It is downloadable in raster form so no 

additional processing was necessary except extracting values to a TCEQ sites dataset. 

 Roadways were provided by Esri and available from ArcGIS Online in the Bing 

Maps Road layer. Road lengths were used by (Scarnato et al. 2013) for their analysis and 

used initially in this investigation. It was later realized that roadway density would not 

only be easier to perform the geoprocessing on, but also would provide a more robust 

variable in the analysis. Current research (Cahill et al. 2009) suggests that highways are 

not exclusive in their impact on local air quality. Local roads, especially those with 

higher speed limits and stop lights/signs generate more aerosols in the finer size modes 

due to the intense braking and accelerating at intersections. Therefore, inclusion of all 

roadways, regardless of size, and instead representing this factor as a density rather than 

length was preferable. A comparison of the two methods is described in the results 

section. 

 The “open space” factor relates land usage to ability for air pollutants to disperse 

and dilute. Land usage was determined from the national land cover multi-resolution land 

characteristics consortium (http://www.mrlc.gov/nlcd2006.php). It provides a dense 

raster dataset of fifteen types of land usage, ranging from open water to high intensity 

development. In order to calculate the percentage of open space, the dataset first needed 

to be converted to a polygon dataset. After four days of processing, the statewide polygon 

dataset had not finished, so the raster was broken into smaller pieces for this project. A 

fishnet grid was generated across Texas with spacing of ~ 10 miles and buffered with 

circles with a diameter of 1 mile. The land usage raster was masked by these buffers, 

http://ned.usgs.gov/
http://www.mrlc.gov/nlcd2006.php
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converted to a polygon feature class, and united with the fishnet buffers using union. An 

additional field was created that concatenated the buffer point and the land usage type. 

Exporting this data into MS Excel, the percentage of open spaces in each buffer was 

computed. These values were linked to the fishnet grid (point feature class) and 

interpolated using IDW since the points were closely located and it would conserve 

processing power. 

 Point source emissions were determined from the facility emissions report 

provided in the EPA’s national emissions inventory. These reports are generated every 

few years, which provides excellent spatial data for large areas but is limited to long-term 

trends. The point sources were interpolated using Kriging and the values extracted to 

each TCEQ site.  

A1.3.2.5. Multiple Linear Regression Analysis 

 Regression analysis of the various factors was based on the model of (Scarnato et 

al. 2013). As mentioned previously, relative humidity was added to the meteorological 

conditions due to importance in light attenuation. Also, roadway density was used instead 

of major roadway lengths to preserve the influence of local connecting roadways. The 

resulting model is shown below: 

    

                                                        

                                                    

                     

(13) 
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Microsoft Excel with the Data Analysis tool pack was used for regression analysis. The 

benefit was familiarity by the user in regards to operation and automation (visual basic). 

Excel limits the number of regressors to 16 and also bases t-statistics and p-values on the 

assumption that error is independent with constant variance (homoscedastic) and does not 

provide alternatives such as autocorrelation-robust standard errors.  

A1.3.3 Results 

 The first result worth noting was the significant difference between AOD values 

reported in the selected raster band and those reported by other authors (Alastuey et al. 

2006, Scarnato et al. 2013). The AOD values used in this study ranged between 0 and 

1000 whereas others have reported ranges from 0 to 1.5. Therefore, either a different 

AOD raster band needs to be used or there is an additional processing step not mentioned 

in the literature. In spite of this discrepancy, some days were found to produce adequate 

predictions and further assessments were performed. 

 As mentioned previously in the methods section, both interpolated AOD values 

and directly extracted AOD values were investigated separately. There was no significant 

difference in the results. When plotted together, Figure 23, a linear regression analysis 

gave an intercept of 0.022 ± 0.006 and a slope of 0.978 ± 0.029. Since the interpolated 

AOD rasters provided more values, they were used for subsequent analyses. 

Correlation statistics between predicted concentrations and measured 

concentrations showed mixed results, with a majority of the data being less than adequate 

judging by the coefficient of determination (COD or R
2
 < 0.5). The average spatial COD 

was 0.051 (max = 0.409) while temporal COD was 0.023 (max = 0.108). Statistics by 

season are shown in Table 2. 
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Figure 23. Comparison between values extracted directly from AOD rasters to TCEQ monitoring 

sites and values extracted from an interpolated (Kriging) AOD raster. 

 

Table 2. Seasonal statistics 

Season Dates Days Mean R
2
 Mean Adj R

2
 Max Adj 

R
2
 

Min Adj 

R
2
 

Winter Jan 1 - Feb 11 32 0.298 0.132 0.433 -0.049 

Spring Mar 21 - May 11 48 0.287 0.118 0.477 -0.168 

Summer Jun 21 - Aug 11 42 0.371 0.222 0.693 -0.064 

Fall Sep 21 - Nov 11 16 0.316 0.154 0.417 -0.093 

 

Summer exhibited the greatest correlation as well as the highest number of adequate days 

of prediction (5 days). The highest correlation occurred on June 24
th

, which was a clear 

day with moderate meteorological conditions: mid-80 °F, 10-20 MPH wind speed, 50-

70% RH, and ~9.5 miles visibility. Summer usually exhibits higher temperatures that loft 

the tropospheric air parcels, lifting the planetary boundary layer and indirectly decreasing 

atmospheric aerosol concentrations. The summer in 2013 was mild by Texas standards, 

with fewer days of triple-digit temperatures than previous years. The clear weather is 

likely the factor that enabled greater predictability of PM2.5 concentrations. The data from 
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June 24
th

 shown in Figures 25 a and b highlight the impact of land use and 

meteorological factors in the regression analysis. Comparisons based purely on AOD 

were non-effective while a reasonable correlation was observed after mixed regression 

(R
2
 = 0.693). Therefore, this investigation did support the use of land use statistics and 

meteorology to aid in comparison between remote-sensed AOD measurements with 

PM2.5 predictions. 

 

 

Figure 24a and b. Comparison between AOD and PM2.5 concentrations as well as predicted versus 

measured PM2.5. 

  

The associated map of predicted PM2.5 concentrations is shown in Figure 25. The 

most striking result is the consistent enhanced concentrations along major roadways. This 

indicates that the roadway regressor played a significant role in model predictions. It 

would not be surprising to see elevated concentrations near the highways, especially in 

remote areas such as west Texas. The concentrations predicted, however, are grossly 

over-estimated. PM2.5 concentrations over 50 µg m
-3

 may be experienced in tunnels, 

enclosed parking structures, or heavily polluted urban areas, but are very unlikely in rural 

areas. The concentrations may be representing coarser particles, up to 10 or 20 µm in 
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diameter. A concentration of 100 – 200 µg m
-3

 would be typical of agricultural dust 

emissions during plowing operations, which resuspends large amounts of coarse dust 

locally. 

 

Figure 25. Predicted PM2.5 concentrations for June 24th, 2013. Although concentrations are 

obviously over-estimated, the patterns of concentration may reveal useful information. 

  

The other interesting feature to note is the lack of similarity with the National 

Emissions Inventory estimates, shown in Figure 21. This might suggest a lack in 

temporal resolution regarding these emission estimates, an out-of-date estimate with 

regards to current mitigation technology, or closure of several large sources between the 

time of the inventory and June 24
th

. The uncertainty involved with important factors such 

as emission sources inevitably forces more significance on the AOD measurements to 
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provide the necessary information for predictions. Due to the prevalence of null values in 

AOD data, longer averages may be required such as days or even weeks to provide 

sufficient data for prediction. The temporal sacrifice would hopefully be overshadowed 

by the increase in accuracy of the model. 

A1.3.4 Conclusions 

 The relationship between AOD and mass concentration of PM in the atmosphere 

is not nearly as straightforward as their simple mathematical relationship would indicate. 

Large uncertainties regarding the aerosol populations as well as the environmental 

scenarios at each measurement location render this process an intricate exercise of 

statistics, atmospheric physics, and optical theory. For those with decades of data and 

little interest in day-to-day variations, acceptable results can be achieved in a timely 

manner. For those of us, however, that endeavor to extract as much information as 

possible from each day’s remote measurements, more robust and consistent results are 

needed. 

 The results of this investigation are two-fold. The methods for gathering, 

extracting, and processing information from multiple governmental agencies were 

successfully streamlined (excepting the manual accumulation of meteorological data). 

The use of arcpy to perform processor-intensive operations on large numbers (hundreds) 

of rasters and feature classes was successfully mastered. Thus, the structure of 

programming needed to perform these types of studies has been put into place. In terms 

of producing consistent, robust predictions, however, the results were not acceptable. The 

majority of days analyzed were unsatisfactory and therefore, further investigation is 

required. The next steps will include processing of multiple bands of AOD data from 
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both AQUA and TERRA satellites, analysis of model regressors focusing on significance 

of each factor, and further reading related to this project. Although these first results are 

as yet unacceptable, the original intentions and goals remain undeterred. 

 

A1.4 Remote-Sensing – Programs 
 

The processing script using arcpy is ~20 pages single spaced. It is available for future 

students upon request. The other program written for this project is invaluable. It 

“scrapes” data from the TCEQ web portal for any pollutant monitored and for every year 

of operation. In a matter of hours, the program scraped 10 years of hourly PM2.5 mass 

concentrations from the Clinton Drive site. The program requires DataNitro, a proprietary 

software that enables Python code to be written for use with MS Excel, which was free 

for students at the time this project was performed. The code is shown below: 

#Scrape data from TCEQ website 

#Created By: Nicholas Spada 

#Last Edited: 11/30/2013 

#!/usr/bin/env python 

############################################################################################ 

 

import time, mechanize 

from mechanize import * 

from BeautifulSoup import * 

 

#Create variables 

br = mechanize.Browser() 

#br.set_handle_refresh(False) 

url = "http://www.tceq.state.tx.us/cgi-bin/compliance/monops/yearly_summary.pl" 

sitenum = 0 

yearnum = 0 

columnindex = 2 

rowindex = 2 

 

############################################################################################ 

# User Defined Functions 

 

# Selectable Values function 

def getvalues(control): 

    cont = br.form.find_control(control) 

    values = [] 

    for item in cont.items: 

        x = item.attrs['value'] 
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        values.append(x) 

    return values 

 

# Find first empty row 

def findrow(): 

    for i in range(2,1000000): 

        if Cell("Data", i, columnindex).is_empty() == True: 

            break 

    Cell("Data", 5, 2).value = Cell("Data", i, columnindex).row 

 

# Extraction function 

def extract(response): 

    html = response.read()                                          #Read datapage 

    soup = BeautifulSoup(html)                                      #Soupify html 

    table = soup.find("table", border=1)                         #find the table with border of 1 

    i = 0                                                           #create iteration variable 

    rowindex = Cell("Data", 5, 2).value                             #get rowindex 

    columnindex = Cell("Data", 4, 2).value                          #get columnindex 

    Cell("Data", rowindex, columnindex - 1).value = '1/1/' + str(year) + ' 00:00' 

    for row in table.findAll('tr')[3:]:                             #set rows as info between 'tr's 

        col = row.findAll('td')                       #set columns as text between 'td's 

        for x in col:                        #get data for each row   

            i = i + 1                                               #iterate 

            if x.string is None: 

                Cell("Data",i-1+rowindex,columnindex).value = "None" 

            else: 

                Cell("Data",i-1+rowindex,columnindex).value = x.string 

 

# Goes to datapage then back to site selection screen, needed to update parameters 

def refresh(): 

    try: 

        br.submit() 

        br.select_form("refresh") 

        br.submit() 

        br.select_form("get_data") 

    except: 

        br.select_form("get_data") 

 

# Set parameters 

def setparams(): 

    br.select_form("get_data") 

    timeformat = br.form.find_control("time_format").value=["24hr"] 

    report = br.form.find_control("report_format").value=["table"] 

    for control in br.form.controls:                                        #Uncheck all boxes 

        if control.type == "checkbox": 

            br.find_control(control.name).items[0].selected=False 

     

############################################################################################

   

   

#Start Scraping 

                         

initialpage = br.open(url)                                              #Go to webpage                                                  #Suspend 

program for 1 second 

br.select_form("get_data")                                              #Go to monitoring site 

cams = br.form.find_control("cams").value=["79"] 

response = br.submit() 

 

#Begin Automaton 

Cell("Data", 1, 2).value = sitenum 

Cell("Data", 2, 2).value = yearnum 

Cell("Data", 4, 2).value = columnindex 
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Cell("Data", 5, 2).value = rowindex 

br.select_form("get_data") 

sites = getvalues("cams")                                               #get site values 

for site in sites: 

    if str.isdigit(site) == True: 

        try: 

            br.select_form("refresh") 

            response = br.submit() 

        except: 

            pass 

        br.select_form("get_data") 

        cams = br.form.find_control("cams").value=[site,] 

        yearnum = 0                                                     #Reset year iteration number 

        sitenum = sitenum + 1 

        rowindex = 2 

        Cell("Data", 1, 2).value = sitenum                              #Iterate site index for column placement 

        Cell("Data", 5, 2).value = rowindex                             #Reset rowindex 

        years = getvalues('user_year')                                  #get years 

        for year in years: 

            if str.isdigit(year) == True: 

                yearnum = yearnum + 1 

                Cell("Data", 2, 2).value = yearnum                      #Iterate year index for row placement 

                if yearnum < 13: 

                    pass 

                else: 

                    try: 

                        br.select_form("my_form") 

                        annum = br.form.find_control("user_year").value=[year,] 

                        response = br.submit() 

                        findrow()                                       #Find first empty row 

                        extract(response)                               #Collect data 

                        #Cell("Data", rowindex, columnindex - 1).value = '1/1/' + str(year) + ' 00:00' 

                        #propagate 

                        if year == years[-1]: 

                            br.select_form("refresh") 

                            response = br.submit() 

                        else: 

                            pass 

 

                    except: 

                        try: 

                            br.select_form("refresh") 

                            br.submit() 

                        except: 

                            pass 

                        br.select_form("get_data") 

                        annum = br.form.find_control("user_year").value=[year,] 

                        refresh() 

                        try: 

                            setparams() 

                            br.form.set_value(['88502'], name = 'user_param') 

                            response = br.submit() 

                            columnindex = columnindex + 2                   #Iterate column index 

                            Cell("Data", 4, 2).value = columnindex 

                            Cell("Data", 1, columnindex - 1).value = 'Date/Time' 

                            Cell("Data", 1, columnindex).value = int(site) 

                            extract(response)                               #Collect data 

                            #Cell("Data", rowindex, columnindex - 1).value = '1/1/' + str(year) + ' 00:00' 

                            #propagate 

                            if year == years[-1]: 

                                br.select_form("refresh") 

                                response = br.submit() 
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                            else: 

                                pass 

                        except: 

                                pass 

A2. Appendix 2. Elemental Analyses 

A2.1 Supporting information for PGE Analysis Using Q-ICP-MS 
 

Elemental characterization of PM2.5 and PM10 emitted from gasoline-driven light duty 

vehicles in the Washburn Tunnel of Houston, Texas: Release of rhodium, palladium, 

and platinum 
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Figure 26. Elemental concentrations in PM2.5 and PM10 from the fan room air exposed to the 

ambient sources. Error bars correspond to the standard deviation. 
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Figure 27. Enrichment factors calculated for the anthropogenic elements in the fan room air, using 

Ti as crustal reference. 

 

Table 3. Instrumental settings and operating parameters for DRC-Q-ICP-MS. 

Instrument Elan DRC II (PerkinElmer SCIEX) 
Nebulizer Concentric (Meinhard) 
Spray chamber Baffled quartz cyclonic 
Torch injector Quartz 
Auto lens On 
RF power 1200 W 
Gas flow rates 

      Plasma 16 L min-1 
     Nebulizer 0.98-1.02 L min-1 
     Auxiliary 1 L min-1 
Interface Platinum cones 
     Sampler 1.1 mm in diameter 
     Skimmer 0.9 mm in diameter 
Measurement parameters 

      Scanning mode Peak hopping 
     Sweeps/reading 20 
     Readings/replicate 1 
     Replicates 3 
     Dwell time 50 ms (standard mode); 100 ms (DRC mode) 
Sampling parameters AS-93 plus auto-sampler 
     Sample flush time 35 s 
     Sample flush pump speed 24 rpm 
     Read delay 65 s 
     Read delay pump speed 20 rpm 
     Wash time 60 s 
     Wash pump speed 24 rpm 
DRC parameters 

      Cell gas NH3 (0.2-1.0 mL min-1) 
     RPq 0.25-0.8 
     RPa 0 
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Table 4. Method detection limits and their average measured levels in the filter blanks (n=4). 

Element m/z MDLs (µg/L) Average Blank (µg/L) 

Li 7 0.03 BDL 
Be 9 0.03 BDL 
Mg 25 0.40 0.59±0.19 
Al 27 0.61 2.6±0.64 
Si 29 35.0 BDL 
K 39 1.2 BDL 
Ca 44 11.5 102±41.2 
Ti 47 0.22 BDL 
V 51 0.79 BDL 
Cr 52 0.10 BDL 
Mn 55 0.03 BDL 
Fe 57 1.7 BDL 
Ni 58 0.03 BDL 
Co 59 0.05 BDL 
Cu 65 0.08 BDL 
Zn 66 0.22 BDL 
Ga 69 0.05 BDL 
As 75 0.04 BDL 
Se 82 0.11 BDL 
Rb 85 0.04 BDL 
Sr 88 0.04 BDL 
Y 89 0.03 BDL 
Zr 90 0.04 BDL 
Mo 96 0.04 BDL 
Rh 103 0.05 BDL 
Pd 105 0.06 BDL 
Cd 113 0.04 BDL 
Sn 118 0.04 BDL 
Sb 121 0.04 BDL 
Cs 133 0.03 BDL 
Ba 138 0.22 BDL 
La 139 0.02 BDL 
Ce 140 0.02 BDL 
Pr 141 0.02 BDL 
Nd 146 0.02 BDL 
Sm 152 0.02 BDL 
Eu 153 0.02 BDL 
Gd 158 0.02 BDL 
Tb 159 0.02 BDL 
Dy 164 0.03 BDL 
Ho 165 0.03 BDL 
Er 166 0.03 BDL 
Yb 174 0.02 BDL 
Lu 175 0.02 BDL 
W 184 0.04 BDL 
Pt 195 0.02 BDL 
Pb 208 0.05 BDL 
Th 232 1.2 BDL 
U 238 0.02 BDL 
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BDL: Below detection limit. 

 

Table 5. Five replicate PGE measurements from BCR 723 with separate sample preparation steps 

(including cation-exchange) and q-ICP-MS. 

Element 
Atomic 
Mass 

Certified value 

(g/g) 
Replicate measured values (g/g) 

Rh 103 0.0128 ± 0.0013 0.0124 0.0139 0.0137 0.0107 0.0130 

Pd 106 0.0061 ± 0.0019 0.0069 0.0056 0.0044 0.0050 0.0061 

Pt 195 0.0813 ± 0.0025 0.0829 0.0861 0.0846 0.0796 0.0830 

 

Table 6. Four replicate PGE measurements from NIST SRM 2556 with separate sample preparation steps 

(including cation-exchange) and q-ICP-MS. 

Element Atomic Mass Certified value (g/g) Replicate measured values (g/g) 

Rh 103 51.2 ± 0.5 57.0 55.1 52.0 53.2 

Pd 106 326 ± 1.6 366.2 332.5 369.2 347.1 

Pt 195 697.4 ± 2.3 771.5 769.1 644.1 775.0 

 

Table 7. The ratio of elemental tunnel concentrations and mean background concentration plus two 

times the background standard deviation. 

Elements PM2.5 PM10 
Li 2.1 3.7 
Be 3.5 4.8 
Mg 1.6 3.0 
Al 1.9 4.8 
Si 2.4 3.0 
K 1.5 3.8 
Ca 5.4 7.3 
Ti 5.3 4.1 
V 1.2 1.8 
Cr 2.0 4.3 
Mn 3.0 5.4 
Fe 6.2 7.4 
Ni 1.1 2.2 
Co 1.7 4.0 
Cu 8.6 8.1 
Zn 3.0 4.9 
Ga 2.3 2.1 
As 2.2 3.1 
Rb 2.1 4.8 
Sr 3.6 5.7 
Y 2.5 4.4 
Zr 7.9 7.4 
Mo 1.6 2.0 
Rh 5.2 5.8 
Pd 4.6 6.8 
Cd 2.9 4.7 
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Table 7 (continued) 

Sn 2.4 4.7 
Sb 7.3 7.7 
Cs 3.7 4.3 
Ba 2.2 2.1 
La 0.6 1.8 
Ce 1.4 6.1 
Pr 1.2 5.2 
Nd 1.2 5.2 
Sm 1.8 2.9 
Eu 2.7 2.1 
Gd 2.8 4.5 
Tb 2.2 4.5 
Dy 3.1 3.9 
Ho 1.9 2.6 
Er 2.5 2.2 
Yb 2.8 2.3 
Lu 1.6 2.3 
W 1.0 1.2 
Pt 5.2 2.8 
Pb 1.6 3.3 
Th 4.4 2.3 
U 2.2 1.8 

 

 

 
Table 8. Elemental ratios in airborne tunnel PM, road dusts from the tunnel and Houston area 

surface roadways, and upper continental crust. 

 
 
 
 
 
 
 

Ratio Tunnel PM2.5 Tunnel PM10 
Tunnel road 

dust(Spada et 
al. 2012) 

Houston road 
dust(Spada et 

al. 2012) 

Upper continental 
crust(Park et al. 
2012, Wedepohl 

1995b)  

Cu/Sb 6.2 ± 0.10 6.6 ± 0.43 10.0 ± 0.07 16.3 – 25.4 83.3 

Cu/Sn 6.5 ± 0.14 6.4 ± 0.22 9.6 ± 0.62 0.28 – 5.4 10.9 

Sn/Sb 0.95 ± 0.01 1.0 ± 0.03 1.0 ± 0.07 3.0 – 58.8 7.7 

Fe/Sn 101 ± 3.4 168 ± 15.4 756 ± 45.0 176 – 2,218 18,783 

Fe/Sb 96.1 ± 2.7 173 ± 21.3 786 ± 72.6 4,271 – 10,352 144,000 

Fe/Cu 15.6 ± 0.18 26.2 ± 1.5 78.8 ± 6.7 168 – 621 1,728 

Pb/Cd 5.9 ± 0.28 12.5 ± 1.3 210 ± 58.4 62.9 – 197 148 

Pt/Rh 2.3 ± 0.14 1.4 ± 0.02 3.6 ± 0.43 11.5 – 20.9 33.3 

Pd/Rh 7.6 ± 1.4 5.9 ± 0.15 5.2 ± 0.50 3.9 – 14.1 29.2 

Pt/Pd 0.31 ± 0.04 0.24 ± 0.01 0.69 ± 0.02 1.5 – 3.5 1.1 
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A2.2 Preliminary Results from Washburn Tunnel DRUM Samples 

Two 8-stage DRUM samplers were deployed at the Washburn tunnel, one inside 

next to the FRM samplers and the other in the fan room. The DRUMs operated with 3 

hour time bins in order to balance sample mass with temporal resolution. The data shown 

in Figure 28 clearly shows the separation of diurnal traffic patterns and background levels 

as a function of size. Mass appears to be affected for particles below 2.5 µm while optics 

shows a clear division below 1.15 µm. This discrepancy may be lofting of coarser road 

dust during times of heavy traffic, which would provide elevated mass without 

significantly increasing optical attenuation. Elemental analyses performed at Stanford’s 

linear accelerator will aid in interpretation and differentiation of tail-pipe and road dust 

emissions. 
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Figure 28. Mass and optical measurements of PM as a function of size and time inside the Washburn 

Tunnel. 
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Figure 29. Size-resolved MAC profiles measured inside the Washburn Tunnel. 

 

A2.3 Detecting Transition Metals in Bodily Fluids 

 

Intrusion of Metallic Aerosols into the Human Body: A Case Study in 

Houston, Texas 

Investigators 

Prof. Shankar Chellam, Ph.D. 

Nicholas Spada, M.S. 

June 2, 2012 

 

A2.3.1 Executive Summary 

Rationale: Air pollution has a significant effect on human health, yet our understanding 

is still limited by available methodologies for determining causality. An important 

contribution would be quantitative evidence for intrusion of airborne species into the 
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human body. Metallic constituents can provide robust data as they: (1) are generally more 

stable in biological samples, (2) many elements are not present in unpolluted samples and 

(3) sources are well documented and can be distinctly identified. 

Methodology: Healthy, adult volunteers will be asked to provide: (1) questionnaire 

describing current health and lifestyle choices as well as nearest traffic intersection to 

home for geographic analysis, (2) saliva sample of approximately 5 mL and (3) whole 

blood sample of approximately 5 mL. In compensation, participants will receive a $25 

gift card to a major retailer. All interactions with volunteers will occur through the Gulf 

Coast Blood Center via trained clinical professionals. Samples and questionnaires will be 

labeled by subject number and delivered to University of Houston where they will be 

analyzed for metallic contents using dynamic reaction cell – quadrapole – inductively-

coupled plasma – mass spectrometry. Samples will be frozen prior to and after use and 

stored for at most 4 years in case of repeat measurements. All laboratories are locked and 

only accessible by authorized personnel, all data will be kept on password protected 

computers with up-to-date network security. Metallic species concentrations will be 

compared with ambient air measurements in the same geographical region of participants, 

local meteorology, questionnaire data and reference values from published literature to 

provide a comprehensive understanding of the effects of Houston’s air quality on the 

metals concentrations in the bodily fluids of the participants. The novel information 

generated from this study will be published in a peer-reviewed journal and presented at 

professional conferences. 

Informed Consent: All volunteers will be presented with the background, rationale and 

risks involved with participating in this study. After verbal and written information has 
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been provided, the volunteers will be asked to sign the attached letter of informed 

consent. Both verbal scripts and written information is attached. 

Introduction 

A vast amount of evidence supports the linkage between air pollution and human 

health effects. Indoor fires plagued the ancient Egyptians, as evidenced by mummies 

displaying severe sinusitis as well as blackening of lungs (Brimblecombe 1987). Royal 

edicts throughout the medieval ages in Europe displaced blacksmiths, potters, brewers 

and other industrial workshops whose pollutants caused irritation and sickness. During 

the middle of the twentieth century, rare meteorological conditions caused the 

accumulation of deadly air pollutants in urban and rural areas around the world. In 

London alone, an estimated 12,000 people died of various complications related to 

extremely high levels of coal smoke during the “Big Smoke” episode of 1952 

(Brimblecombe 1987). Similar events happened in St. Louis Missouri, Donora 

Pennsylvania as well as in Japan, Australia and Europe (Brimblecombe 1987, Godish 

2004). Thus, countries around the world produced various forms of clean air acts that also 

provided significant funding for scientific research on air quality. Over the past 50 years, 

understanding of the chemistry, prevalence and health effects of air pollution have been 

greatly expanded; however, much work remains to be able to provide health professions 

with the data they need to determine causality (Lippmann 2009). 

An important method to determine the presence of pollution is to be able to 

quantify both natural and anthropogenic influences on a given sample. Analytical 

techniques have vastly improved our abilities to find trace amounts of pollutants in small 

amounts of sample. The heightened use of inductively-coupled-plasma – mass 

spectrometry (as opposed to typical optical techniques such as atomic absorption) in 



135 

 

clinical labs has advanced our ability to measure a wider range of metals in more samples 

(Parsons and Barbosa 2007). Even so, certain types of samples remain problematic. For 

example, blood samples continue to be problematic for measuring metal content due to 

the relatively high levels of chloride, sodium, sulfur and carbon (D'Ilio et al. 2006, 

Parsons and Barbosa 2007). These elements interfere with quantifying important 

pollutants such as chromium, copper, vanadium and zinc (Batista et al. 2009). Recently, 

dynamic reaction cells have shown great success in removing interfering compounds and 

enabling accurate measurements of traditionally samples. Since this technology has 

become available, several important studies have demonstrated successful measurements 

of a wide range of elements in biological and other challenging matrices (Ivanenko et al. 

2011). 

The Houston metropolitan area offers a unique setting to perform this type of 

study. Houston is home to one of the largest medical centers in the world, offering both a 

wide variety of medical professionals as well as a vast amount of research-related 

resources. Additionally, the Houston ship channel is one of the most polluting areas in the 

United States with oil refining and chemical manufacturing producing a diverse and 

unique pollution signature. Lastly, the culture of “cars” in Houston is an ever-present 

source for all vehicular pollutants including carbon monoxide, volatile organic 

compounds and metallic aerosols. With so many interstate trucking routes and an 

immense manufacturing quadrant, the amount of diesel traffic greatly contributes to 

Houston being one of the most polluted cities in the United States. 

This study will be the first time that highly time and size resolved air pollution 

data will be matched with highly sensitive metallic concentrations in both blood and 
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saliva samples from residents of such a uniquely polluted city. Many studies have 

suggested that air pollutants can enter the human circulatory system, yet none to our 

knowledge have quantitatively shown this. 

A2.3.2 Risk to Participants 

Mild pain or discomfort consistent with typical intravenous blood draws will be 

experienced by all participants. The blind between those taking the samples (Gulf Coast 

Blood Center) and those performing the measurements (principle investigator) provides 

identity protection to the participants. The University of Houston provides security to all 

laboratories and computers. All laboratories remain locked at all times and are only 

accessible by personnel that have been granted access. All data will remain on password 

protected computers and backed up on a removable hard drive that is kept locked in the 

investigator’s office. All computers connected to a network are required to be kept up-to-

date with all malware/virus security software and operate through the University’s secure 

routers. 

A2.3.3 Methodology 

A2.3.3.1. Sample Collection 

Thirty human subjects will provide samples collected by the trained professionals 

at Gulf Coast Blood Center. Volunteers will be informed both verbally (see attached) as 

well as with an informational pamphlet (see attached). The important points covered by 

both forms of communication will be: 1) rationale for this study, 2) exclusion parameters, 

3) risks from participation, 4) compensation and 5) dissemination of data. 

After the volunteers have been fully informed of the study, they will be asked to 

rinse their mouths three times with ultrapure water. After rinsing, they will be given a 
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clean cotton pad to chew on for five minutes while filling out the questionnaire (see 

attached). The cotton pad containing approximately five milliliters of saliva will be 

placed in a clean polypropylene centrifuge tube and labeled appropriately. One vial 

containing five milliliters of blood will be collected intravenously and labeled 

appropriately. The subject will receive compensation and be finished with their required 

involvement. All samples will be kept in a -20ºC freezer and transported to the University 

of Houston in a cooler, where they will remain frozen until analysis. 

Ambient air samples will be collected at the Texas Commission on Environmental 

Quality site at Clinton Drive. The airborne pollutants will be separated into nine size 

modes, seven of which in the respirable range. Each sample will be representative of a 

three hour time interval so that correlations can be made with human activities (traffic, 

industrial emission events, etc.). 

A2.3.3.2. Analysis 

Data from the collected questionnaires will be inputted into a spreadsheet and 

statistically analyzed for correlations between lifestyle choices and symptoms. Symptoms 

will also be correlated with the measured metallic species concentrations. 

Saliva and blood samples will be prepared and analyzed for metallic species 

content using a dynamic reaction cell coupled to a quadropole-inductively-coupled 

plasma – mass spectrometer. Multiple measurements, internal standards and reference 

materials will be employed to ensure viable datasets. 

Ambient air samples will be analyzed using beta-attenuated mass measurements 

and synchrotron-induced X-ray fluorescence. As for the bodily fluids samples, multiple 

measurements and reference materials will be used to ensure the quality of these data. 
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Bodily fluid, ambient air and meteorological data will be compiled in a 

spreadsheet and correlated using various statistical relationships including chi-squared, 

correlation of determination, and T-tests. The output of these mathematical 

determinations will be used for interpretation and quantification of intrusion. Upon 

completion, the results of this study will be prepared for peer-reviewed publication and 

presentation at professional conferences. 

 

Figure 30. Comparison of certified Seronorm metal concentrations with measured concentrations. 

A2.4 Supplemental Information for the Houston Ship Channel Study 
 
Table 9. Results of least-squares regression analysis of SXRF spectra. 

Element Atomic # µg/cm2 Line Line E Intensity St. Dev. % SD Yield 

Na 11 18.1 Kb 1.041 82 12 14.6 5 

Mg 12 48.7 Ka 1.254 1813 28 1.5 44 

Al 13 51.0 Ka 1.487 16562 152 0.9 379 

Si 14 28.73 Kb 1.740 30261 2010 6.6 1206 

P 15 43.7 Ka 2.013 45415 3100 6.8 3900 

S 16 18.1 Ka 2.307 86516 1529 1.8 5293 
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Table 9 (continued) 

Cl 17 27.9 Ka 2.621 103338 483 0.5 4039 

K 19 24.18 Ka 3.312 362489 1872 0.5 15918 

Ca 20 24.38 Ka 3.690 504878 727 0.1 21754 

Sc 21 21.83 Ka 4.090 461171 653 0.1 21997 

Ti 22 44.5 Ka 4.508 776731 672 0.1 18051 

V 23 47.5 Ka 4.948 1383469 1183 0.1 29973 

Cr 24 47.5 Ka 5.410 2237204 643 0.0 48319 

Mn 25 42.8 Ka 5.895 2605528 1676 0.1 62364 

Fe 26 48.2 Ka 6.397 2565740 1645 0.1 54534 

Co 27 49.2 Ka 6.922 2762138 1965 0.1 57594 

Ni 28 50.7 Ka 7.472 2360302 1568 0.1 47880 

Cu 29 44.5 Ka 8.041 1959722 1417 0.1 45458 

Zn 30 53.4 Ka 8.631 343298 614 0.2 19612 

Ga 31 51.8 Ka 9.243 263431 521 0.2 11058 

Ge 32 46 Ka 9.886 945129 634 0.1 21627 

As 33 51.8 Ka 10.532 647748 915 0.1 25592 

Se 34 48.8 Ka 11.208 597262 820 0.1 13225 

Br 35 18.93 Ka 11.908 107940 107 0.1 6292 

Rb 37 20.93 Ka 13.375 97437 455 0.5 5502 

Sr 38 33.2 Ka 14.142 92017 437 0.5 3452 

Y 39 31.32 Ka 14.932 62953 489 0.8 2681 

Nb 41 42.04 Ka 16.600 25312 385 1.5 976 

Mo 42 34.8 Ka 17.443 14340 343 2.4 755 

Pb 82 52.4 L 10.542 196779 160 0.1 3997 
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Figure 31. Comparison of UFP elemental concentrations analyzed by SXRF and DRC-q-ICP-MS. 

 
Figure 32. Hourly PM2.5 mass concentrations from January 1, 2007 to December 9, 2013 at the 

Clinton Drive TCEQ monitoring site. The data is summarized to show the apparent 

vehicular emissions pattern, although, these regular patterns were not observed in the 

size-resolved mass concentrations during October 2012. 
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Table 10. Enrichment factors for anthropogenic metals measured near the Houston ship channel. 

 

Element Size Mode

Accumulation 2.2 - 39.7 0.1 - 17.0 0.1 - 28.1

Aitken 7.3 - 2374.9 1.3 - 3969.5 0.1 - 526.9

Ultrafine 8.1 - 21.6 37.5 - 289.0 6.0 - 98.3

Accumulation 0.1 - 57.4 0.1 - 42.5 0.1 - 54.2

Aitken 1.7 - 707.6 0.5 - 2001.7 0.4 - 408.6

Ultrafine 7.4 - 19.8 4.3 - 32.8 1.5 - 24.0

Accumulation 0.7 - 112.1 0.2 - 8.4 0.8 - 12.4

Aitken 3.1 - 1364.7 1.4 - 313.8 0.1 - 71.4

Ultrafine 3.7 - 10.0 2.8 - 21.8 0.8 - 13.5

Accumulation 0.4 - 6.3 0.1 - 3.7 0.3 - 3.6

Aitken 0.3 - 187.5 0.1 - 48.4 0.1 - 17.8

Ultrafine 0.9 - 2.3 0.2 - 1.8 0.1 - 2.4

Accumulation 4.7 - 136.0 0.1 - 98.4 1.1 - 1004.9

Aitken 77.5 - 23535.1 2.9 - 28429.2 0.1 - 2038.4

Ultrafine 68.7 - 183.8 141.1 - 1088.9 34.1 - 561.7

Accumulation 21.8 - 570.2 0.8 - 93.4 4.9 - 258.0

Aitken 222.3 - 88622.9 2.4 - 58359.6 0.6 - 1343.8

Ultrafine 679.7 - 1818.4 1730.6 - 13352.4 263.5 - 4345.5

Accumulation 9.3 - 481.3 0.7 - 200.4 15.3 - 2012.4

Aitken 90.1 - 29555.7 42.4 - 72190.1 0.1 - 2885.6

Ultrafine 149.3 - 399.5 192.2 - 1482.7 53.8 - 887.7

Accumulation 269.6 - 7932.8 2.2 - 9573.8 10.7 - 4116.5

Aitken 186.8 - 43231.1 53.4 - 119155.6 5.1 - 649.1

Ultrafine 62.7 - 167.9 95.8 - 739.1 24.0 - 396.2

Accumulation 73.9 - 2308.0 0.8 - 2623.3 1.9 - 2082.6

Aitken 31.1 - 29976.0 13.2 - 54617.8 117.4 - 2737.2

Ultrafine 664.0 - 1776.7 2638.2 - 20355.5 232.6 - 3836.6
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